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PLC - phospholipase C
PMCA - plasma membrane calcium ATPase
RA - retinoic acid
SERCA - sarcoplasmic/endoplasmic reticulum Ca-ATPase
SDC - store dependent calcium
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Chapter 1
Introduction
How does the brain work?
With 100 billion cells, each with 1000 to 10,000 synapses, the brain makes
roughly 100 trillion connections and contains 90 million metres of wiring packed
with other tissues into a one-and-a-half-litre volume.
Since there is no good framework for understanding connectivity and electro-
chemistry of the brain, we do not know how the firing of billions of loosely coupled
neurons gives rise to coordinated, goal-directed behavior.
For a better understanding, we start looking at the building blocks of the brain
(Kandel et al., 2000). As previously stated, the brain consists of about 100 billion
cells, e.a. glial cells and neurons. In the past a neuron was considered as a binary
on/off switch, just like the one you use to control the lights in your home. It is
either in a resting state (off) or it is shooting an electrical impulse down its nerve
extension called an axon. Nowadays we know that a neuron is much more complex.
Biological neurons are not binary, that is, having only an ”on” or ”off” state as their
output.
Neurons are typically composed of a soma, or cell body, a dendritic tree, and
an axon (see Fig. 1.1). The majority of neurons receive input on the dendritic tree,
and transmit output via the axon.
Neurons communicate via chemical and electrical synapses in a process known
as synaptic transmission (Kandel et al., 2000). The fundamental processes are first
a presynaptic-excitation/transmitter-secretion coupling and second a postsynaptic
transmitter/excitation coupling. A single neuron can receive in the order of hun-
dreds or several thousands of input lines and may send its output to a similar
number of other neurons. A simplistic view assumes that the contributions of all
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input signals are added through the processes on spatial and temporal summation.
Spatial summation occurs when several weak signals at various locations of the
dendritic tree are converted into a single large one, while temporal summation con-
verts a rapid series of pulses in time into one large signal. The aggregate input
is then passed to the soma (cell body). If the aggregate input is greater than the
axon hillock’s threshold value, the neuron fires, and an output signal is transmitted
down the axon. Each of these billions of axons is dissipating a small amount of
energy. The total energy consumption of the brain has been estimated to equal that
produced by a 60 Watt light bulb.
The communication between neurons is very complex to study, because neu-
rons are densily packed and have a large number of different ion channels in their
membranes, which makes it difficult to measure and understand the activity of each
of them. Moreover, neurons have a huge number of connections, which makes it
difficult to understand how neurons communicate. Therefore, we focus on intra-
and intercellular signaling in and between another, simpler type of excitable cells,
namely normal rat kidney (NRK) cells (De Roos, 1997; Harks, 2003). A network of
NRK cells is much easier to investigate, because in culture the cells are organized
in a flat monolayer, the number of different types of ion channels is much smaller
and the cells are electrically connected by gap junctions in a quasi-hexagonal pat-
tern, because each cell contacts on average to six neighbor cells (De Roos, 1997;
Torres et al., 2004).
1.1 The role of oscillations to control the dynamics of liv-
ing cells.
Many processes in living systems are oscillatory. Biological rhythms occur at all
levels of biological organization, from unicellular to multi-cellular organisms, with
periods ranging from fractions of a second to years.
Besides quite obvious examples of biological oscillations such as the beating
of the heart, lung respiration, the sleep-wake cycle, central pattern generation and
locomotion in animals, there are many instances of biological oscillations at the
cellular level.
These rhythms find their roots in the many regulatory mechanisms that control
the dynamics of living cells. For example, neural and cardiac rhythms at the sin-
gle cell level are associated with the regulation of voltage-dependent ion channels,
metabolic oscillations originating from the regulation of enzyme activity, pulsatile
intercellular signals and intracellular calcium oscillations associated with recep-
tor activity, while regulation of gene expression in hypothalamic neurons underlies
circadian rhythms (Kuhlman and McMahon, 2006). Although different cell types
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Figure 1.1: Schematic overview of a biological neuron taken from Kandel et al.
(2000). Neurons are typically composed of a soma, a dendritic tree and an axon.
The soma is the central part of the neuron. It contains the nucleus of the cell, where,
among other things, protein synthesis occurs. The dendrites of a neuron are cellular
extensions with many branches. The overall shape and structure of a neuron’s den-
drites is called its dendritic tree, and is where the majority of input to the neuron
occurs. The axon is a finer, cable-like projection which can extend tens, hundreds,
or even tens of thousands of times the diameter of the soma in length. The axon car-
ries nerve signals away from the soma. Many neurons have a single one axon, but
this axon may undergo extensive branching, enabling communication with many
target cells. The part of the axon where it emerges from the soma is called the
’axon hillock’. Besides being an anatomical structure, the axon hillock is also the
part of the neuron that has the greatest density of voltage-dependent sodium chan-
nels. This makes it the most easily-excited part of the neuron and the spike initiation
zone for the axon.
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express markedly different rhythms a common set of components assembled in a
cell-specific manner can give rise to different spatial and temporal dynamics. Thus,
the spatially extended nature of the cell and the way in which these components are
organized into interacting complexes is vitally important for generating physiolog-
ically significant cellular rhythms.
In view of the large number of variables involved, the spatially extended nature
of the cell, and the complexity of nonlinear feedback processes, mathematical mod-
els are vital for a better understanding of how molecular and cellular mechanisms
give rise to oscillations. Importantly a mathematical approach opens up the way to
explore the role of space, heterogeneity and noise in shaping cellular rhythms. Mod-
els are also useful to understand the transition from simple to complex oscillatory
behavior and for delineating the conditions under which they arise. The strength
of a theoretical approach is that it provides a conceptual framework to clarify the
molecular and dynamical mechanisms for cellular rhythm generation.
One of the most significant findings in the field of intracellular signalling within
the last two decades is the discovery of Ca2+ oscillations (Morita et al., 1980). This
has radically affected the way biochemical oscillations are viewed. Ca2+ oscilla-
tions are of interest for a variety of reasons. First, they occur in a large number of
cell types, either spontaneously or as a result of stimulation by an external signal
such as a hormone or a neurotransmitter (Willoughby and Cooper, 2007). Second,
it is now clear that, besides the rhythms encountered in electrically excitable cells,
they represent the most widespread oscillatory phenomenon at the cellular level
(Hofer, 2005) . Third, Ca2+ oscillations are often associated with the propagation of
Ca2+ waves within the cytosol, and sometimes between adjacent cells (Ho¨fer et al.,
2002). Calcium waves are the prime mechanisms for (second) messenger signals
for communication between the cell membrane and the nucleus. This phenomenon
has become one of the most important examples of spatio-temporal organization at
the cellular level.
Ca2+ is a highly versatile intra- and inter-cellular signal that operates over a
wide temporal range. It is now known to regulate many different cellular processes,
from cell division and differentiation to cell death (Berridge et al., 2003). Many of
the Ca2+-signalling components are organized into macromolecular complexes in
which Ca2+-signalling functions are carried out within highly localized environ-
ments. These complexes can operate as autonomous units that can be multiplied or
mixed and matched to create larger, more diverse signalling systems, as illustrated
by cardiac Ca2+ signalling (Anderson et al., 2007). Rapid highly localized Ca2+
spikes regulate fast responses, whereas repetitive global transients or intracellular
Ca2+ waves control slower responses. Cells respond to such oscillations using so-
phisticated mechanisms including an ability to interpret changes in frequency. Such
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frequency-modulated signalling can regulate specific responses such as exocytosis
and differential gene transcription.
In this thesis we shall explore oscillations and waves of cytosolic Ca2+ in both
single cell and multi-cellular networks of NRK fibroblasts.
1.2 What is a fibroblast?
A fibroblast is a type of cell that synthesizes and maintains the extracellular matrix
of many animal tissues. Fibroblasts provide a structural framework (stroma) for
many tissues, and play a critical role in wound healing. They are the most common
cells of connective tissue in animals.
The main function of fibroblasts is to maintain the structural integrity of con-
nective tissue by continuously secreting precursors of the extracellular matrix. Fi-
broblasts secrete the precursors of all the components of the extracellular matrix,
primarily the ground substance and a variety of fibres. The composition of the ex-
tracellular matrix determines the physical properties of connective tissues.
Fibroblasts are morphologically heterogeneous with diverse appearances de-
pending on their location and activity. Though morphologically inconspicuous, ec-
topically transplanted fibroblasts can often retain positional memory of the location
and tissue context where they had previously resided, at least over a few genera-
tions.
Unlike the epithelial cells lining the body structures, fibroblasts do not form
flat monolayers in vivo and are not restricted by a polarizing attachment to a basal
lamina on one side, although they may contribute to basal lamina components in
some situations (eg subepithelial myofibroblasts in intestine may secrete the α-2
chain carrying component of the laminin which are absent only in regions of folli-
cle associated epithelia which lack the myofibroblast lining). Fibroblasts can also
migrate slowly over substratum as individual cells, again in contrast to epithelial
cells. While epithelial cells form the lining of body structures, it is fibroblasts and
related connective tissues which sculpt the ”bulk” of an organism.
Fibroblasts are generally considered to be classical examples of non-excitable
cells. Therefore, it was surprising that propagating action potentials with under-
lying intracellular calcium transients have been measured in monolayers of NRK
fibroblasts. These action potentials turned out to be the result of the activation of
L-type calcium channels and subsequent opening of calcium-dependent chloride
channels (De Roos et al., 1997b).
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1.3 NRK fibroblasts to study communication between cells.
In this thesis we studied the communication between normal rat kidney (NRK)
fibroblasts.
A theoretical study of a model of a single NRK cell is used to elucidate the
mechanism by which NRK fibroblasts generate spontaneous periodic firing of ac-
tion potentials with underlying intracellular calcium oscillations (Chapters 2 and
3). Moreover, we will explain how cellular coupling via gap junctions affects the
activity of the individual cells in the communicating network system (Chapter 4
and 5).
Mathematical models, like in this thesis, support a better understanding of how
molecular and cellular mechanisms give rise to intracellular calcium oscillations
and action potentials (APs). Models are useful to understand how complex proper-
ties of a cell or network of cells can be obtained by the interactions between various
relatively simple systems within and between cells. In this thesis we focus on the
mutual interactions between the excitable membrane and intracellular calcium os-
cillations.
Monolayers of normal rat kidney (NRK) fibroblasts are electrically well cou-
pled (De Roos et al., 1996) and therefore provide a model system to investigate the
intercellular transduction of electrical signals. Electrical coupling via gap junctions
provides a way for the fast transmission of membrane potential changes between
cells and can thus coordinate signaling. Fibroblasts can also be electrically coupled
to other cells, including cardiomyocytes (Rook et al., 1992), endothelial (Hunter
and Pitts, 1981) and neuronal (Courbin et al., 1989) cells. In Chapter 4 and 5 we
will study the intercellular mechanism between coupled NRK cells including a gap
junctional conductance, coupling the neighboring cells in a hexagonal pattern.
This introduction gives an outline of the dynamics of a NRK cell and its growth
states. Furthermore, we provide some background information about excitability,
gating kinetics, calcium signalling, stability and bifurcation analysis of the single-
cell model and intercellular signalling by propagation of an action potential in a
network of NRK cells.
1.4 Excitability
A voltage, or difference in electrostatic potential, always exists between the inside
and outside of a cell and is the result of static surface charges (Gouy-Chapman the-
ory) and the distribution of ions across the cell membrane through active pumps,
which remove ions such as Ca2+ and Na+ from the cell to extracellular space
(Hodgkin, 1952).
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In a typical normal resting cell the electrical potential difference is about 65
mV. Because the net charge outside of the membrane is arbitrarily defined as zero,
we say the resting membrane potential is about -65 mV (Kandel et al., 2000). When
the membrane of an excitable cell is depolarized beyond a threshold (typically near
−40 mV), the cell will fire an action potential, often called a spike.
An action potential is a change in the polarity of the voltage from negative to
positive (about +40 mV) and back to about -70 mV, so an action potential is an
electrical discharge that travels along the membrane of an axon. Action potentials
are not the same in all cell types and can even vary in their properties at different
locations in the same cell. Each action potential in NRK cells has a rising phase, a
plateau phase, and a falling phase (see Fig. 1.2).
The existence of ion channels that selectively allow ions to pass when the ion
channel is open, forms the basis for action potential generation in the cell, as was
shown by Hodgkin and Huxley in the early fifties. Hodgkin and Huxley used basic
principles from physics in a model to explain action potential firing in the giant
axon of the squid, which became a theoretical framework for research on excitable
cells in general (Hodgkin, 1952). Hodgkin and Huxley considered the membrane
as a capacitor with capacitance Cm, and the ion channels as Ohmic resistors with
a voltage-dependent resistance. The equation for the membrane potential is given
by:
Cm
dVm
dt
=∑ I, (1.1)
which gives the evolution of the membrane potential (Vm) in time as a function of
the ion currents that flow through all ion channels in the membrane.
The ionic currents are described according to Ohms law:
Iy = Gy(Vm−Ey), (1.2)
with Ey the Nernst-potential for the ion reflecting the electrochemical gradient
across the membrane for that particular ion y and Gy the conductance for ion y.
1.5 Gating kinetics
Hodgkin and Huxley introduced the concept of a specific ion conductance in the
nerve membrane that has activation and inactivation gates. We do now know that
this specific conductance is the conductance of a collection of channels. Each ionic
current depends on the dynamics of ion channels with gates. These gates control
the state of the channel: closed or open (Fig 1.3). While dynamics of the individual
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Figure 1.2: An action potential of a NRK cell (taken from data obtained by Harks
et al., 2003) has five phases. Phase 0 is the resting membrane potential. This is the
phase that the cell remains in until it is stimulated by an external electrical stimulus
(typically an adjacent cell). Phase 1 is the rapid depolarization phase. This phase
results from opening of L-type Ca-channels and the closure of the inward rectifier
K+ channels . In phase 2 the Ca-dependent Cl-channels open due to increase of
calcium and L-type Ca-channels close due to inactivation. Phase 3 of the action
potential is the plateau phase. It is sustained by Ca-dependent Cl-channels. During
phase 4 of the action potential the Ca-dependent Cl-channels close, while the in-
ward rectifier K+ channels open which brings the membrane potential back to the
resting membrane potential.
channels is stochastic, the large number of channels allows describing them using
the simple Hodgkin-Huxley formalism:
Iy = Gmaxy m
MhN(Vm−Ey), (1.3)
where Gmaxy is a maximal conductance, M is the number of activation gates and
N is the number of inactivation gates per channel, Ey is the reversal potential, 0 ≤
m(t)≤ 1 and 0≤ h(t)≤ 1 are activation and inactivation variables, which represent
the probability that gate m or h is open.
Ion channel currents can be subdivided into 2 large groups: voltage-dependent
and ion-dependent. The first group includes currents whose activation and inactiva-
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Figure 1.3: Activation and inactivation gates define the state of the ion channel
(modified from Armstrong and Hille (1998)). Voltage-gated sodium channels have
three types of states: resting (closed), activated (open), and inactivated (closed).
Channels in the resting state are thought to be closed on their intracellular side
by an ”activation gate”, which is opened in response to stimulation that opens the
channel. The transduction from voltage change to gate opening is mediated by a
voltage sensor driven outward by depolarizations and pulling in someway at the
gate. The ability to inactivate is thought to be due to a tethered plug (formed by the
linker between domains III and IV of the α subunit), called an inactivation gate,
that blocks the inside of the channel shortly after it has been activated. During an
action potential the channel remains inactivated for a few milliseconds after de-
polarization. The inactivation is removed when the membrane potential of the cell
repolarizes during the falling phase of the action potential. This allows the channels
to become activated again for the next action potential. Voltage-gated calcium and
potassium channels have similar gating mechanisms.
tion is controlled by the membrane voltage. An example is the inward rectifier K+
current involved in resting membrane potential and action potential generation. The
second group includes currents whose activation properties are controlled by spe-
cific ions. Well known examples are Ca2+ activated Cl− currents. These currents
become active when the internal concentration of Ca2+ in the cytosol increases
to sufficiently high levels. There are also currents that are both voltage- and ion-
dependent like L-type Ca2+ currents.
For voltage-dependent currents, the dynamics of the activation and inactivation
variables is controlled by the membrane voltage. The dynamics of each of the gating
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variables (m,h) can be described by a regular Markov process,
dm
dt
= αm(1−m)−βmm (1.4)
dh
dt
= αh(1−h)−βhh (1.5)
where αm,h and βm,h are functions of Vm and represent the rates for transition from
closed to open and from open to closed states, respectively. Here, we used the
equivalent first-order linear differential equations:
dm
dt
=
(m∞(V )−m)
τm(V )
(1.4a) and
dh
dt
=
(h∞(V )−h)
τh(V )
(1.5a).
where V is membrane potential, m∞(V ) and h∞(V ) are steady-state activation
and inactivation functions, respectively, and τm(V ), τh(V ) are time constants of
activation and inactivation, respectively.
The Hodgkin Huxley-model contributed to the understanding of excitability of
cells and formed the basis for much subsequent work in which membrane excitabil-
ity was analyzed, including that of fibroblastic cells in the present study.
1.6 IP3 signalling
Normal rat kidney (NRK) fibroblasts have been used widely as an in vitro model
system for studying the mechanisms of density-dependent growth regulation and
oncogenic cell transformation. Various studies have shown that the arachidonic
acid metabolite prostaglandin F2α (PGF2α ), which activates the FP subtype of
prostanoid receptor, induces phospho-inositide turnover in NRK fibroblasts thereby
increasing the intracellular calcium concentration in these cells (Lahaye et al.,
1999; Harks et al., 2003b).
Prostaglandin F2α (PGF2α ) is a bioactive lipid biosynthesized by cyclooxy-
genase (COX) enzymes and mediates its biological activity via the heptahelical
Gq-coupled PGF2α receptor (FP receptor) (Narumiya et al., 1999).
In confluent NRK cell monolayers, the increase of intracellular calcium con-
centration is accompanied by cell membrane depolarization, due to opening of
calcium-activated chloride channels, thus reflecting the increase in the intracellular
calcium concentration following stimulation with PGF2α (De Roos et al., 1997a;
Harks et al., 2003b).
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So far, synchronized calcium signalling has been described in various cellular
systems, whereby gap junctional communication regulates the coordinated activity
of a large number of cells. For example, synchronized calcium oscillations or in-
tercellular calcium waves have been reported after stimulation of epithelial cells
(Sanderson, 1995), hepatocytes (Rink and Hallam, 1989) and astrocytes (Ho¨fer
et al., 2002). In all these systems, synchronization seems to be dependent primarily
on the diffusion of IP3 through gap junctions (Clair et al., 2001; Ho¨fer et al., 2002),
although diffusion of calcium may also contribute to synchronization (Giaume and
Vevance, 1998; Ho¨fer, 1999). Moreover, synchronized calcium oscillations in pan-
creatic β -cells in the presence of glucose result from coordinated electrical bursting
activity, which is mediated by gap junctions (Santos et al., 1991).
Agonist-induced cytosolic calcium oscillations have been observed in many
different cell types (Berridge, 1993; Petersen et al., 1991; Thomas et al., 1996)
and are based generally on the mobilization of calcium from the endoplasmic or
sarcoplasmic reticulum. This liberation of stored calcium is mediated by calcium
release channels, known as IP3 and ryanodine receptors (Berridge, 1993; Clapham,
1995). The IP3 receptor seems to play a pivotal role in many of the oscillations in-
duced by IP3-generating agonists, because cytosolic calcium both facilitates and in-
hibits the opening of this calcium release channel (Mak et al., 1998). First, binding
of IP3 and calcium to a primary activation site triggers calcium release (Marchant
and Taylor, 1997), whereas a slower inhibitory process, involving the binding of
calcium to another site, terminates calcium liberation and leads to a refractory state
from which the IP3 receptor must recover before subsequent calcium release can be
triggered (Parker and Ivorra, 1990). This feedback mechanism of cytosolic calcium
on the IP3 receptor provides the basis for successive cycles of calcium-induced cal-
cium release. Next to this model, several other mechanisms have been proposed
to play a role in IP3-dependent calcium oscillations, including calcium-dependent
activation of phospholipase C (Meyer and Stryer, 1991), calcium-independent in-
activation of the IP3 receptor (Ilyin and Parker, 1994) and production of inositol
1,3,4,5-tetrakisphosphate (Zhu et al., 2000). Moreover, IP3-independent intracel-
lular calcium oscillations have also been reported (Cseresnye´s et al., 1999; Szalai
et al., 2000; Usachev and Thayer, 1999). These seem to result from the periodic
release of stored calcium mediated by ryanodine receptors, which have been shown
to share structural and functional properties with the IP3 receptor (Pozzan et al.,
1994), including the bell-shaped activation curve as a function the cytosolic cal-
cium concentration (Fill and Copello, 2002).
In NRK fibroblasts, PGF2α has been shown to activate phospho-inositide turnover
(Lahaye et al., 1999), indicating that the IP3 receptor is involved in the intracellular
calcium oscillations induced by this agonist (Harks et al., 2003a). These oscilla-
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tions are mediated by the periodic release of calcium from IP3-sensitive calcium
stores and require influx of extracellular calcium to persist.
1.7 Calcium signalling
It has been known for a long time that calcium oscillations occur in periodically
contracting smooth muscle cells, heart cells and neurons (Morita et al., 1980). Later,
Ca2+ oscillations were also found in many other animal cells (Berridge et al., 1998;
Goldbeter, 1996; Jones, 1998; Schulz et al., 1999). We briefly recall the main prop-
erties of Ca2+ oscillations as determined from a large number of experimental stud-
ies. Cytosolic Ca2+ oscillations arise either spontaneously (Malgaroli et al., 1990)
or in response to stimulation by extracellular signals, with a periodicity ranging
from nearly one second to tens of minutes, depending on the cell type. Among the
most studied cells, with regard to Ca2+ oscillations, are cardiac cells, oocytes, hep-
atocytes, endothelial cells, fibroblasts, pancreatic acinar cells and pituitary cells.
The shape of the oscillations is highly variable. In some cases the oscillations are
quasi-sinusoidal, while in others they take the form of abrupt spikes, which are
often preceded by a gradual increase of the membrane potential reminiscent of
the pacemaker depolarizing potential seen in oscillatory neurons or cardiac cells
(DiFrancesco, 1993).
It has been repeatedly observed that oscillations occur only in a certain range
of stimulation and that the frequency of Ca2+ spikes increases with the intensity
of the stimulus. Besides the induction of oscillations by external signals, it is often
possible to elicit a train of Ca2+ waves by increasing the level of extracellular or
intracellular Ca2+, or the level of inositol 1,4,5-trisphosphate (IP3) (Osipchuk et al.,
1990). The latter messenger is synthesized in response to external signals and is
known to raise the level of cytosolic Ca2+ through mobilization from intracellular
stores (Berridge, 1993; Berridge and Irvine, 1989).
As regards the physiological significance of Ca2+ oscillations and waves, it is
conceivable that the rapid spatial propagation of Ca2+ signals provides a useful
communication mechanism between distinct parts of the cell or between different
adjacent cells in a tissue (see Charles et al., 1992; Sanderson et al., 1990). Cal-
cium signals regulate a large number of cellular processes including contraction of
muscle fibers, release of hormones and neurotransmitters, synaptic plasticity, sen-
sory perception and adaptation in photo receptors, exocytosis, gene expression, gap
junction regulation and others.
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1.8 Growth states of NRK fibroblasts
Normal rat kidney fibroblasts are used as a model system for studying control
mechanisms of cell growth and cellular alterations in cancer cells. They can be
phenotypically transformed by growth factors concomitant with a loss of density-
dependent growth control as observed in tumor cells. Moreover, Normal rat kidney
(NRK) fibroblasts in cell culture exhibit growth-state dependent changes in their
electrophysiological behavior. When NRK fibroblasts are cultured in the presence
of serum a confluent monolayer is formed after 3-4 days. Cells in this culture are
present in various stages of the cell cycle and are therefore called unsynchronized.
After subconfluent-growth and serum-deprivation the cells exhibit a stable rest-
ing membrane potential around −70 mV called the quiescent state or resting state
(see quiescent, Figs. 1.4 and 1.5). Upon subsequent treatment with epidermal growth
factor the cells reenter the cell cycle.
Epidermal growth factor or EGF is a growth factor that plays an important
role in the regulation of cell growth, proliferation and differentiation. EGF acts by
binding with high affinity to epidermal growth factor receptor (EGFR) on the cell
surface and stimulating the intrinsic protein-tyrosine kinase activity of the receptor.
The tyrosine kinase activity in turn initiates a signal transduction cascade which
results in a variety of biochemical changes within the cell - a rise in intracellu-
lar calcium levels, increased glycolysis and protein synthesis, and increases in the
expression of certain genes including the gene for EGFR - that ultimately lead to
DNA synthesis and cell proliferation.
The cells undergo density-dependent growth-arrest (contact inhibition) at con-
fluency and spontaneously fire action potentials (APs) (see density arrested, left
panel, Fig. 1.5) associated with low frequency oscillating intracellular calcium tran-
sients (see right panel, Fig. 1.5).
Subsequent addition of retinoic acid or transforming growth factor (TGF)β to
the contact inhibited cells causes the cells to become phenotypically transformed
and to depolarize to approximately -20 mV (see transformed Fig. 1.5). This de-
polarization has been shown to be caused by an elevation of the concentration of
prostaglandin (PG)F2α secreted by the unrestricted proliferating transformed cells.
1.9 The dynamics of a NRK fibroblast
Experimental findings in normal rat kidney (NRK) fibroblasts have provided a
strong evidence for action potentials triggered by calcium release from the endo-
plasmic reticulum (ER) (Harks et al., 2003b). In this thesis we present an integrated
model (Chapter 2) that combines an excitable membrane with an IP3-mediated
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Figure 1.4: Schematic overview showing how NRK fibroblasts are cultured to dif-
ferent growth states. In the presence of serum-containing medium (NCS; newborn
calf serum) NRK cells are grown to subconfluency, after which all growth fac-
tors are removed from the culture medium and NRK cells become quiescent. NRK
cells are triggered to enter the cell cycle upon EGF treatment in the presence of
insulin, but NRK cells are unable to proceed through additional cell cycles and
become density-arrested. Finally, by addition of RA (retinoic acid), EGF and in-
sulin to density-arrested NRK monolayers, density-dependent growth inhibition is
overcome and NRK cells become phenotypically transformed and proliferate in
multilayers.
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Figure 1.5: Schematic overview showing the behavior of NRK fibroblast monolay-
ers in the membrane potential (left panels) and cytosolic calcium (measured as Fura
fluorescence F/ratios, right panels) for different growth states.
intracellular calcium oscillator. This model explains how the increased cytosolic
calcium concentration during IP3-mediated Ca-oscillations activates the calcium-
dependent Cl-channels, which in NRK fibroblasts cause a depolarization to the
Nernst potential of chloride ions near −20 mV and subsequent firing of an action
potential by opening of the L-type Ca-channels.
In our model study coupling between the excitable plasma membrane and the
IP3-modulated calcium oscillations may cause great problems regarding calcium
homeostasis. During a periodic IP3-mediated calcium oscillation, the elevated cal-
cium in the cytosol is removed by the PMCA-pump in the plasma membrane and
by the SERCA pump in the ER. Since the inflow of calcium from the extracellu-
lar space is relatively small, there is a net mean efflux of calcium out of the cell
decreasing the calcium concentration in the ER. If the leak of Ca through the cell
membrane would be constant for all conditions, the consequence would be a deple-
tion of calcium from the ER.
However, if the same cell generates action potentials, triggered by pacemaker
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cells in the network, the inflow of calcium through the L-type Ca-channels during
the action potential is removed by the PMCA-pump in the plasma membrane and
by the SERCA pump in the ER, leading to an accumulation of calcium in the ER.
So, coupling a model for the cell membrane with a model for intracellular calcium
oscillations may easily result in instability of the calcium dynamics of the whole
cell. Stability of calcium behavior in the whole-cell requires a control system to
keep the calcium concentration in the cytosol and ER within certain limits. We
show in Chapter 2 of this thesis that to ensure stable long-term periodic firing of
action potentials and CaOs, it is essential to incorporate store-dependent calcium
channels (SDCs) in the plasma-membrane. In this way, the Ca2+ content of the
stores can control a plasmalemmal Ca2+ entry pathway. When the stores are full of
Ca2+, plasma membrane permeability to Ca2+ is low, but as stores become emptied,
the Ca2+ influx pathway becomes active. The existence of SDCs is well known
and well accepted (Parekh, 2006). Activation of SDCs is triggered by depletion of
intracellular calcium stores.
After many years of investigation by a number of laboratories, the molecular
basis of store-dependent entry is now being unraveled. RNAi strategies identified
the endoplasmic reticular membrane protein STIM1 as being the Ca2+ sensor that
detects the decrease in luminal Ca2+ content and which thus initiates the store-
dependent entry mechanism (Parekh, 2007).
Recent experimental findings in NRK cells (Dernison et al., in press 2008) have
shown that calcium entry through SDC channels is essential to sustain receptor-
induced intracellular calcium oscillations. Like in non-excitable cells, these SDC
channels provide the most important calcium influx pathway into the cytosol of
NRK cells, and thereby regulate the calcium concentration in the ER via the cal-
cium concentration in the cytosol.
1.10 Stability and bifurcation theory
In this section we describe the Poincare´ map as a tool for stability analysis (Poincare´,
1899). The Poincare´ map is a useful tool to investigate the periodic motion of a
complex dynamical system. Using the Poincare´ map, one can study an associated
discrete time map instead of studying the continuous time system directly. Investi-
gation of stability of a periodic motion can be reduced to the study of the stability
of a fixed point of the Poincare´ map.
A Poincare´ section or map is a tool invented by Henri Poincare´ in 1899 for
analyzing complex systems in a high (n > 2) dimensional space. The stability
of a periodic orbit for an autonomous vector field can be calculated by consid-
ering the Poincare´ map which replaces the flow of the n-dimensional continu-
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Figure 1.6: A Poincare´ section is used to construct a (n-1)-dimensional discrete
dynamical system, i.e. a Poincare´ map of a continuous flow in n dimensions. This
reduced system of (n-1) dimensions possesses many properties, e.g. periodicity or
quasi-periodicity, of the original system.
ous vector field by the intersection of the flow with an (n-1)-dimensional map.
Specifically, an (n-1)-dimensional surface of section Σ is chosen such that the
flow is always transverse to Σ (see Fig. 1.6). Let the successive intersections in
a given direction of the solution x(t) with Σ be denoted by xi . The Poincare´
map xi+1 = g(xi) determines the (i+1)-th intersection of the trajectory with Σ from
the i-th intersection. A periodic orbit of an autonomous vector field corresponds
to a fixed point x f of this Poincare´ map, characterized by g(x f ) = x f . The lin-
earization of the Poincare´ map about x f is ξi+1 = Dg(x f )ξi, whereby Dg is the
Jacobian T-periodic matrix which represents a local linearization of the nonlin-
ear system. Any solution of such a T-periodic system can be written in the form
X(t) = Z(t)etR;Z(t) = Z(t + T ), with R the fundamental matrix. We can choose
X(0) = Z(0) = I, so that X(T ) = Z(T )eTR = Z(0)eTR = eTR. The eigenvalues of
the constant matrix eTR are called the (Floquet) multipliers of the periodic orbit.
If all eigenvalues of the constant matrix have modulus less than unity, then x f
(and thus the corresponding periodic orbit) is asymptotically stable. If x f is stable,
then it is an attractor of the Poincare´ map, and the corresponding periodic orbit is an
attractor of the vector field. If any eigenvalues of the constant matrix have modulus
greater than unity, then x f (and thus the corresponding periodic orbit) is unstable.
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1.11 Hysteresis and bi-stability in a NRK cell model
In Chapter 3 we apply stability analysis to investigate the dynamic behavior of a
single-cell model, which includes both an excitable membrane and an intracellu-
lar IP3-mediated calcium oscillator. In comparison with the simple dynamics of
the cell membrane and that of the IP3-mediated Ca-oscillator coupling of the ex-
citable cell membrane and that oscillator leads to a remarkable complex behavior.
The dynamics of the excitable membrane and of the IP3 receptor are coupled by
the cytosolic calcium concentration. Changing one parameter value of the excitable
membrane or calcium oscillator affects the other mechanism by changes in the cy-
tosolic calcium concentration. Taking the IP3 concentration as a control parameter,
it will be shown that the model exhibits a novel rich spectrum of stable and unstable
states with hysteresis.
1.12 Intercellular signalling of NRK fibroblasts
Electrical coupling between cells behaving as autonomous oscillators, is known
to occur in neural networks and beating heart tissue. Normal rat kidney (NRK)
fibroblasts are a cell line, easily maintained in culture, that may be used as an ex-
perimental model system for nerve tissue to tackle certain fundamental problems.
NRK cells do also resemble heart muscle cells, because they form electrically cou-
pled confluent cell layers, in which propagating action potentials are spontaneously
generated under conditions of density-arrest. That is why concepts developed in
heart physiology turned out to be useful in our study.
In Chapter 4 we study the mechanism for propagation of APs and for synchro-
nization of intracellular calcium oscillations of NRK cells in a one-dimensional
network of cells, electrically coupled by the gap junctions.
NRK pacemaker cells generate spontaneous IP3-mediated action potentials.
The spontaneous action potentials are mediated by calcium transients, where tran-
sient opening of the IP3-receptor causes Ca
2+-ions to flow from the endoplasmatic
reticulum (ER) into the cytosol. Therefore, NRK cells can be considered as au-
tonomous oscillators, where oscillations in Ca2+ in the cytosol and firing of action
potentials are coupled. An action potential can trigger a calcium transient since
inflow of calcium during an action potential causes Ca2+-induced Ca2+ release
(CICR). In the other direction, the increase of cytosolic calcium due to release of
calcium through the IP3-receptor opens calcium-dependent channels in the mem-
brane (such as for example the calcium-dependent chloride channels with a Nernst
potential near -20 mV), causing a depolarization. This depolarization may then
trigger an action potential (De Roos et al., 1997b; Kusters et al., 2005).
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NRK cells in a monolayer are electrically coupled by gap junctions. Transmis-
sion of the depolarization of the pacemaker cells to neighboring cells via the gap
junctions leads to opening of their L-type Ca-channels. The calcium influx through
the L-type Ca-channels induces CICR through the IP3-receptors. Due to the in-
creased calcium concentration, the Ca-dependent Cl-channels will open, which are
responsible for the plateau phase of the membrane potential near -20 mV. The
positive feedback of membrane excitation and IP3-receptor activation results into
an active propagation of the AP signal through the whole monolayer and near-
synchronization of the calcium transients of coupled cells. Stability of the cell be-
havior is dominated by the homeostatic function of the SDC channel.
The typical gap-junctional conductance between a cell and its surrounding cells
(about 20 nS) is relatively large. As a consequence, currents flow easily through the
network and a single pacemaker cell is not powerful enough to supply 1:1 entrain-
ment between AP propagation and CaOs in a one-dimensional strand of cells. So,
propagation of an action potential through the network can only occur if a suffi-
ciently large cluster of pacemaker cells generates an action potential.
Our study reveals that AP propagation will only occur if the two following con-
ditions are fulfilled: 1) a sufficiently large group of pacemaker cells produce spon-
taneous Ca-oscillations and 2) near-synchronization of intracellular Ca-oscillations
of these cells takes place.
In Chapter 5 we investigate the conditions under which AP propagation with
underlying intracellular Ca-transients occurs in in a model of a two-dimensional
network of normal rat kidney (NRK) cells. Experimental observations in NRK fi-
broblast in monolayer cultures reveal that locally generated calcium APs will prop-
agate through the remainder of cells provided that in the latter cells activation of
the L-type Ca-channels can be achieved. If so, locally induced APs will generate a
calcium wave throughout the network of gap junctionally coupled cells.
This study supports the conclusion (De Roos et al., 1997c) that AP generation
and propagation may act as a rapid mechanism for the propagation of intracellular
calcium waves, thus contributing to fast intercellular calcium signaling.
1.13 Aim and outline of this thesis
The aim of this thesis was to investigate the coupling between membrane excitabil-
ity and intracellular calcium dynamics in NRK fibroblasts using mathematical mod-
eling.
In Chapter 2 we present a single-cell model which is largely based on and sup-
ported by experimental data from normal rat kidney (NRK) fibroblasts. It includes
experimentally characterized ion conductances and kinetics. The use of biologically
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plausible parameter values is in our opinion important to create realistic models. It
will be shown that store dependent calcium (SDC)-channels play a stabilizing role
in maintaining action-potential firing and intracellular calcium oscillations in NRK
fibroblasts induced by external current pulses and/or increases in the intracellular
IP3 concentration.
In Chapter 3 we focus on the stability analysis of the model presented in Chap-
ter 2. It shows how coupling of an excitable membrane with an intracellular calcium
oscillator leads to a rich behavior of a cell with multiple stable and unstable states
with hysteresis. We have recently shown that (PG)F2α dose-dependently induces
IP3-mediated intracellular calcium oscillations in NRK fibroblasts (Harks et al.,
2003b). Since the growth-state dependent modulation of the membrane potential of
NRK fibroblasts is related to the concentration of (PG)F2α in their culture medium
(Harks et al., 2005) and since this prostaglandin dose-dependently increases [IP3],
we took [IP3] as a control parameter to analyze the stability of the single-cell model.
We show that the growth-state dependent modulations of the membrane potential of
NRK fibroblasts in cell culture can be understood as the stable states of the single-
cell model with membrane excitability and calcium oscillations of these cells. We
explored the dynamical properties of a single-cell model reproducing experimen-
tal observations on calcium oscillations and action potential generation in NRK
fibroblasts. A bifurcation analysis revealed hysteresis and a complex spectrum of
stable and unstable states, which allows the system to switch among different stable
branches. Stability of the cell behavior is dominated by the homeostatic function
of the SDC channel. The conductance, which provides the largest IP3 range for
hysteresis, compares well with experimental values for this conductance (Parekh
and Putney, 2005; Krause et al., 1996; Rychkov et al., 2005). Experimental obser-
vations in NRK fibroblasts revealed the same kind of hysteresis as shown by this
study.
In Chapter 4 it is examined how coupling of NRK cells by gap junctions leads
to near-synchronization of intracellular calcium transients and propagation of ac-
tion potentials in networks of NRK cells. In a one-dimensional network the condi-
tions are explored under which AP propagation may take place. It turns out that for
AP induction and propagation in a linear strand of gap junctionally coupled NRK
cells a minimal conductance of 1.45 nS for the L-type Ca-channel and a minimal
number of three pacemaker cells are required. Consistent with experimental obser-
vations for NRK cells (De Roos et al., 1997c), we show that electrical intercellular
coupling is sufficient for synchronizing CaOs of pacemaker cells and for propaga-
tion of AP coupled calcium waves over a linear network of cells. For NRK cells
it becomes clear that membrane excitation can evoke and enhance release of Ca2+
from the ER store via voltage-dependent Ca2+ inflow through L-type Ca-channels.
Our general message is that calcium inflow through voltage dependent Ca-channels
can reset the calcium oscillation mechanism and boost the propagation of electrical
excitation. Any form of CICR, ryanodine-mediated receptors are another example,
would engage a similar interaction.
Finally, in Chapter 5 it is described under which conditions induction of local
pacemaking activity in a network of gap junctionally coupled quiescent NRK fi-
broblasts may lead to a propagation of APs throughout the remainder of cells in
the cellular network. Experimentally obtained results of calcium imaging of locally
induced pacemaker activity in monolayers of quiescent NRK cells will be shown
to correspond to the calculated behavior of a two-dimensional model of a network
of NRK fibroblast in cell culture.
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Chapter 2
Stabilizing role of calcium
store-dependent plasma membrane
calcium channels in action potential
firing and intracellular calcium
oscillations
In many biological systems cells display spontaneous Ca-oscillations (CaOs)
and repetitive action potential (AP) firing. These phenomena have been described
separately by models for intracellular IP3-mediated CaOs and for plasma mem-
brane excitability. In this study we present an integrated model that combines an
excitable membrane with an IP3-mediated intracellular calcium oscillator. The IP3-
receptor is described as an endoplasmic reticulum (ER) Ca-channel with open and
close probabilities that depend on the cytoplasmic concentration of IP3 and Ca
2+.
We show that simply combining this ER model for intracellular CaOs with a model
for membrane excitability of normal rat kidney (NRK) fibroblasts leads to instabil-
ity of intracellular Ca-dynamics. In order to ensure stable long-term periodic firing
of APs and CaOs, it is essential to incorporate calcium transporters controlled by
feedback of the ER store filling, for example, store-operated-calcium (SOC) chan-
nels in the plasma membrane. For low IP3-concentrations our integrated NRK cell
Adapted from:Kusters J.M.A.M., Dernison M.M., van Meerwijk W.P.M., Ypey D.L., Theuvenet
A.P.R. and Gielen C.C.A.M., Biophys. J. 89:3741-3756, 2005
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model is at rest at -70 mV. For higher IP3-concentrations the CaOs become acti-
vated and trigger repetitive firing of action potentials. At high IP3-concentrations,
the basal intracellular calcium concentration becomes elevated and the cell is depo-
larized near -20 mV. These predictions are in agreement with the different prolif-
erative states of cultures of NRK fibroblasts. We postulate that the stabilizing role
of calcium channels and/or other calcium transporters controlled by feedback from
the ER store is essential for any cell in which calcium signaling by intracellular
CaOs involves both ER and plasma membrane calcium fluxes.
2.1 Introduction
Many neuronal and non-neuronal systems exhibit synchronized oscillatory behav-
ior in networks of electrically coupled cells. This oscillatory behavior has typically
a two-fold character. Cells can reveal periodic action potential firing, usually trig-
gered by repeated depolarization of the cell membrane by pacemaker cells in the
network, or they can have inositol trisphosphate (IP3)-mediated intracellular cal-
cium oscillations (for an overview, see Ramirez et al. (2004)). Experimental find-
ings have revealed that some cell types, for example pituitary gonadotroph cells
(Stojilkovic et al., 1992), can have both and that these types of oscillation are then
coupled in these cells. This can be understood from the fact that in cells containing
subthreshold concentrations of IP3, calcium influx during an action potential can
activate the IP3-receptor, triggering an intracellular calcium oscillation by calcium-
induced calcium release (LeBeau et al., 1999). The opposite, pacemaking by cal-
cium release from the endoplasmic reticulum (ER), is less frequently observed, but
was reported recently in interstitial cells of Cajal (Ward et al., 2000).
The detailed mechanism underlying action potential firing by cells has been
studied extensively since the pioneering work by Hodgkin and Huxley (Hodgkin
and Huxley, 1952) (for an overview, see Koch (1999)) and the role of various ion
channels in the plasma membrane and their dynamics has been studied in great
detail. Similarly, the mechanism underlying the IP3-mediated intracellular oscilla-
tions has been studied extensively (for a review of various models, see Schuster
et al. (2002); Sneyd and Falcke (2005); Falcke (2004)). Some studies included a
coupling between intracellular Ca-oscillations and action potential firing (see e.g.
Chay (1996); Keizer and De Young (1993); Li et al. (1997)), but did not study the
implications for the long-term stability of Ca-dynamics.
Experimental evidence for stability problems with calcium dynamics comes
from data from rat hepatocytes (Rychkov et al., 2005), which show repetitive waves
or oscillations in the cytoplasmic Ca2+. During these waves Ca2+ is released from
CHAPTER 2. STABILIZING ROLE OF SDC-CHANNELS 27
the endoplasmic reticulum to the cytoplasmic space and subsequently transported
back to the stores and to the extracellular space. Maintenance of these Ca2+ sig-
nalling mechanisms requires the replenishment of intracellular Ca2+ that is trans-
ported out of the cell. A related problem was addressed theoretically and exper-
imentally for HEK293 cells by Sneyd et al. (2004) who demonstrated that small
changes in the Ca2+ load in cells with intracellular calcium oscillations can move
the cell into or out of oscillatory regimes, resulting in the appearance or disappear-
ance of IP3-mediated calcium oscillations. These authors presented theoretical and
experimental evidence that membrane transport can control intracellular calcium
oscillations by controlling the total amount of Ca2+ in the cell.
However, the unstable calcium dynamics in cells with intracellular calcium os-
cillations studied by Sneyd et al. (2004) is only one side of the problem. Cells
without spontaneous intracellular calcium oscillations in a network with propagat-
ing periodic electrical activity due to pacemaker activity also have a problem with
controlling calcium dynamics. This can be understood since every action potential
will give rise to an increase of cytosolic calcium, due to influx from extracellular
space. This leads to an increase of calcium in the ER due to increased SERCA ac-
tivity. Repetitive firing, therefore, would lead to accumulation of calcium in the ER
up to unrealistic values. Using a detailed model for intracellular calcium dynam-
ics, which takes into account the calcium fluxes through both the plasma and the
ER membrane, we show that calcium store dependent plasma membrane calcium
channels, like store-operated calcium (SOC) channels in the plasma membrane, can
control the total amount of calcium in the cell under all conditions.
The mathematical modeling in this study is largely based on and supported by
experimental data from normal rat kidney (NRK) fibroblasts. Normal rat kidney
(NRK) fibroblast in cell culture exhibit growth-state dependent changes in their
electrophysiological behavior. Cells made quiescent by serum deprivation exhibit
a resting membrane potential near -70 mV. Upon subsequent treatment with epi-
dermal growth factor the cells re-enter the cell cycle, undergo density-dependent
growth arrest (contact inhibition) at confluency and repetitively fire action poten-
tials (APs) that propagate via gap junctions through the entire cellular monolayer
and are accompanied by intracellular calcium spiking (De Roos et al., 1997b).
Treatment of the growth-arrested cells with retinoic acid or TGFβ causes the cells
to become phenotypically transformed and to depolarize to approximately -20 mV
(Harks et al., 2005).
The action potential fired by NRK fibroblasts is characterized by a fast de-
polarizing spike to positive membrane potential values, mediated by an influx of
calcium through L-type Ca-channels. This phase is followed by a plateau phase,
which is mediated by a Ca-activated Cl-conductance, after which the cells repolar-
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ize to their resting value near -70 mV. Based on an electrophysiological characteri-
zation and the use of specific inhibitors, we have previously established that L-type
Ca-channels, Ca-activated Cl-channels and inwardly rectifying K-channels all con-
tribute to the firing of action potentials by NRK fibroblasts (Harks et al., 2003a).
Based on the electrophysiological properties of these various channels, determined
by patch clamp analysis on isolated NRK cells, Torres et al. (2004) developed a
minimal mathematical model for the cell membrane, which correctly described the
shape and the width of the action potentials fired by NRK fibroblasts, but could
not explain the spontaneous periodic firing of action potentials as observed in the
density-arrested NRK cells.
We have recently found that proliferating NRK fibroblasts secrete prostaglandin
(PG)F2α in their culture medium (Harks et al., 2005). Furthermore, we found that
this prostaglandin at submicromolar concentrations induces IP3-dependent intra-
cellular calcium oscillations in quiescent serum-deprived NRK cells via activation
of the G protein-coupled prostanoid FP receptor (Harks et al., 2003b). The fre-
quency of these slow calcium oscillations is in the order of that of spontaneously
fired action potentials in density-arrested NRK fibroblasts. The similar time scale
of both processes strongly suggests that intracellular calcium oscillations (CaOs)
provide the cells with a mechanism for periodic firing of action potentials. We,
therefore, hypothesized that the activity of an IP3-dependent intracellular calcium
oscillator, perhaps only in a small subpopulation of cells, triggers the periodic firing
of action potentials. These action potentials are then propagated in the remainder
of the monolayer, causing transient elevations in intracellular calcium in these cells
(Harks et al., 2003a). As a matter of fact, we found that growth media conditioned
by density-arrested NRK fibroblasts contain nanomolar concentrations of PGF2α ,
that have been shown sufficient to induce calcium oscillations in quiescent NRK
cells (Harks et al., 2005).
A natural way to understand these observations is to assume that almost all cells
can switch between two modes of behavior (pacemaker activity by IP3-mediated
calcium oscillations and follower-behavior, where cells initiate action potentials
by electrical stimulation of the membrane), dependent upon the agonist concentra-
tion (PGF2α concentration) near its membrane. We, therefore, wanted to construct
a single model of a NRK cell incorporating both calcium oscillations and action
potentials. At elevated PGF2α it should act as a pacemaker by producing CaOs,
which initiate action potentials. At low agonist concentrations it should behave as
an electrically excitable cell that displays an action potential followed by calcium-
induced calcium release by the IP3-receptor after electrical stimulation. NRK cells
do exhibit CaOs for very long periods of time (hours). We can only understand that
this is possible when their Ca stores have some form of homeostasis: the content of
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Ca stores cannot go to zero or to infinity over that period. We, therefore, wanted to
find a suitable set of parameters and channels that allowed our model cell to exhibit
stable Ca homeostasis.
In this modeling study we have investigated the interrelationship between peri-
odic firing of action potentials and intracellular CaOs. It represents a first quantita-
tive approach to understand the two-way coupling between action potential firing
and intracellular calcium oscillations. Our model explains how the increased cy-
tosolic calcium concentration during IP3-mediated calcium oscillations activates
the calcium-dependent chloride channels, which in NRK fibroblasts cause a depo-
larization to the Nernst potential of chloride ions near -20 mV. This depolarization
then opens the L-type calcium channels in these cells. The model predicts, that the
shape of an action potential will be different depending on whether it is triggered
by electrical stimulation of the membrane or by IP3-mediated calcium oscillations.
The model also illustrates in detail why simply coupling a model for intracellu-
lar IP3-receptor mediated CaOs to a model for the plasma membrane excitability re-
sults in unstable intracellular calcium dynamics. We here show that store-operated
calcium (SOC) channels can provide the cells with a mechanism that enables long-
term stable calcium homeostasis. Furthermore, the model predicts that in NRK fi-
broblasts the induction of intracellular calcium oscillations by PGF2α does not de-
pend on gap junctional coupling with surrounding cells (Loewenstein et al., 2001),
but is an intrinsic property of an isolated cell. The latter is substantiated experimen-
tally (see Appendix).
Like NRK fibroblasts several other cell types have been shown to fire periodic
action potentials, which are related to intracellular Ca-oscillations. Therefore, the
results of this study are relevant not only for NRK cells, but also for other cell types,
such as for example the pancreatic β -cells in the islets of Langerhans (Rorsman
and Trube, 1986; Valdeolmillos et al., 1996) and the interstitial cells of Cajal (Ward
et al., 2000).
2.2 Model description
The electrical membrane model
This model is an extended version of a previous model by Torres et al. (2004). Tor-
res et al. (2004) presented a model to explain the excitable properties of the plasma-
membrane of normal rat kidney (NRK) cells, which was largely based on experi-
mental work of Harks et al. (2003a). The membrane components of our model
for action potential firing included an inwardly rectifying K+ conductance (GKir),
a small leak conductance (Glk), an L-type calcium conductance (GCa(L)), a cyto-
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Figure 2.1: Conceptual model of the processes involved in membrane excitabil-
ity and intracellular calcium oscillation in NRK cells. The model of NRK cell
membrane excitability consists of leak channels (see Glk), KIR channels (see GKir),
Cl(Ca)-channels (see GCl(Ca)), SOC channels (see GSOC), L-type Ca-channels (see
GCaL) and a PMCA pump. The model for intracellular calcium oscillations consists
of a SERCA pump, leak channels through the ER membrane (see lkER) and an
IP3-receptor (see IP3R). IP3 is produced by phospholipase C (PLC) upon binding
of a hormone (H) to a plasma membrane receptor (R).
plasmic Ca-dependent Cl-conductance (GCl(Ca)) and a plasma membrane calcium
(PMCA) pump. In the present model we added a store-operated calcium (SOC)
channel and we improved the properties of GKir and GCa(L) (see Fig 2.1 for a dia-
gram of the full conceptual model).
The general differential equation (Eq. 2.1) describing NRK cell excitability is
obtained by setting the capacitive membrane current (term left from equation sign)
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equal to the sum of all conductive currents (all terms at the right):
Cm
dVm
dt
= −(IKir+ Ilk+ ICaL+ ICl(Ca) + ISOC) (Eq.2.1)
The properties of these currents are defined by Eqs. 2.2 to 2.16 (Table 1). The in-
ward rectifier K+ conductance, characterized by Eqs. 2.2 to 2.5, shunted by a small
leak conductance Glk (Eq. 2.6), determines the resting membrane potential of the
cell near -70 mV. Action potentials are initiated by a depolarization to about 40 mV,
which opens the L-type Ca-channel. The L-type Ca-current (Eq.2.7) is character-
ized by a Hodgkin-Huxley-type activation parameter m (Eqs. 2.8-2.10), an inacti-
vation parameter h (Eqs. 2.11-2.13) and an inactivation parameter vCa, which de-
pends on the Ca-concentration in the cytosol (Eq. 2.14). Opening of the L-type Ca-
channel causes an inflow of Ca-ions and a corresponding depolarization to about
+20 mV. The increased Ca-concentration in the cytosol activates the Ca-dependent
Cl-channels (Eq. 2.15). This causes a plateau phase at the Nernst potential of the
Ca-dependent Cl-channel near 20 mV as long as the Ca-concentration in the cytosol
is elevated (Harks et al., 2003a). Final repolarization to the resting potential results
from the removal of intracellular cytoplasmic calcium by the Ca-pumps (PMCA)
which causes deactivation of the Ca-dependent Cl-channel. GKir then supports re-
polarization by reactivation. The activity of the PMCA pump increases with the
Ca-concentration in the cytosol (Eq. 2.20) in agreement with Caride et al. (2001).
In the model by Torres et al. (2004), the steady-state parameter of inactiva-
tion h∞ for the L-type Ca-channel consisted of a sum of two voltage-dependent
components. The first one represented the conventional voltage-gated inactivation
process, while the second one was meant to mimic calcium-dependent inactivation.
Since recent experiments argue against this second term (Bernus et al., 2002), we
simplified the inactivation parameter to a genuine voltage dependent term
h∞ =
1
1+ exp(Vm+374.6 )
(2.12).
This allowed us to set half-activation of m∞ to -15 mV (Eq. 2.9) in agreement
with experimental data of Harks et al. (2003a) (see their Fig. 3) and to introduce
a multiplicative calcium-dependent and Vm-independent inactivation parameter vCa
(Eq. 2.14) in Eq. 2.7 as in (Bernus et al., 2002).
vCa =
KvCa
[Ca2+cyt ]+KvCa
(2.14)
Another modification refers to the KIR channel properties, which in the model
by Torres et al. (2004) did not include the effect of variations in external potassium
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concentration. Since changes in extracellular K-concentration do affect the Nernst
potential for the K-ions, we have modified the parameters for the inward rectifier
in agreement with Ten-Tusscher et al. (2004) in Eqs. 2.2-2.5.
A last modification of the model for the NRK cell membrane by Torres et al.
(2004) is the addition of a so called store-operated-calcium (SOC) channel. The ex-
istence of SOC channels is well documented in the literature (Prakriya and Lewis,
2003). This channel allows Ca-ions to flow from the extracellular space into the cy-
tosol at a rate inversely proportional to the Ca-concentration in the ER. This prop-
erty of the SOC channel is given by Eq. 2.16. The relevance of the SOC channel
for the model will be explained in detail later.
The reaction equations for calcium buffering are described by Eq. 2.17-2.18 as
in (Torres et al., 2004). [B] and [BCa] denote the concentration of the buffer and the
buffer-calcium complex, respectively, while TB denotes the total fixed concentration
of buffer molecules. For the parameter values of the electrical membrane model see
Table 3.
The intracellular calcium dynamics model
In contrast to the membrane model, the calcium oscillator model is a non-electrical
model. It is, so far, common practice to model intracellular calcium oscillations in
this way, probably because CaOs seem to result primarily from the calcium- and
IP3-dependent properties and not from the voltage-dependent properties of the IP3-
receptor. The intracellular calcium oscillator is controlled by the agonist PGF2α
((Harks et al., 2003b), see also Appendix). PGF2α diffuses through the extracel-
lular space and binds to the cell surface receptor thus activating a G-protein. This
in turn activates phospholipase C (PLC), producing IP3 from phosphatidylinositol
bisphosphate. IP3 diffuses through the cytoplasm until it binds to the IP3-receptor
on the surface of the ER. For each simulation in this paper, we use a fixed IP3-
concentration.
The flow of calcium between cytosol and ER is characterized by three fluxes
(LeBeau et al., 1999): JSERCA, JIP3R and JlkER (see Fig. 2.1). The rate of change of
Ca-concentration in the cytosol due to inflow from the endoplasmic reticulum (ER)
is given by
Volcyt
d[Ca2+cyt ]
dt
=−VolER
d[Ca2+ER]
dt
= AER(JIP3R+ JlkER− JSERCA) (c f . 2.21, 2.22)
where AER represents the size of the surface of the endoplasmic reticulum andVolcyt
andVolER represent the cytoplasmic volume and the volume of the ER, respectively.
JIP3R (Eq. 2.23) is the flux of calcium through the IP3-receptor channel into the
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cytosol, JlkER is the leak of calcium through the ER into the cytosol and JSERCA is
the flux of calcium into the ER by the SERCA pump (Eq. 2.25).
The equation for the IP3-receptor (Eq. 2.23) is taken from Schuster et al. (2002),
who presented an overview with two different models for the IP3-receptor. We took
the one from Li and Rinzel (1994), which is a reduced version of De Young and
Keizer (1992) and we slightly modified it. The other model is not compatible with
experimental data, as will be explained later.
We took the equation for the flux of calcium through the IP3-receptor in Table
1 in Schuster et al. (Schuster et al., 2002), given by [k0 + k1[
Ra[Ca2+cyt ]
Ka+[Ca2+cyt ]
]3]([Ca2+ER]−
[Ca2+cyt ]), which translates into our equation
JIP3R = f
3
∞w
3KIP3R ([Ca
2+
ER]− [Ca2+cyt ]) (2.23)
where k0 is the leak term JlkER in our model, k1 is KIP3R, [
[Ca2+cyt ]
Ka+[Ca2+cyt ]
]3 corresponds to
f 3∞, and Ra corresponds to our parameter w.
f∞ and w represent the fraction of open activation and inactivation gates, re-
spectively. [Ca2+ER]− [Ca2+cyt ] is the concentration difference between calcium in the
endoplasmic reticulum and the cytosol and provides the driving force. KIP3R is the
rate constant per unit area of IP3-receptor mediated release.
In the model of Li and Rinzel (1994), cytosolic calcium and IP3 play a pivotal
role in facilitating and inhibiting the opening of the IP3-receptor channel.
The function f∞ (Eq. 2.26) describes fast activation by calcium. Since the dy-
namics of the f-gate is fast relative to other processes (Finch et al., 1991), we will
not include dynamics in that gate. A small amount of calcium in the cytosol will
bind to the activation site and will open the IP3-receptor, triggering Ca-induced Ca
release (CICR) and causing a further increase of the calcium concentration in the
cytosol.
From Fig. 2 of Mak et al. (1998) it is clear that the activation f∞ of the IP3-
receptor is only determined by the Ca-concentration in the cytosol and is indepen-
dent of IP3. Therefore, we modified the expression for the fast activation in Li and
Rinzel (1994), given by [IP3][IP3]+d1
[Ca2+cyt ]
[Ca2+cyt ]+d5
, into
f∞ =
[Ca2+cyt ]
[Ca2+cyt ]+Kf IP3
(2.26).
Thus, we replaced the constant d5 in Li and Rinzel (1994) by the constant Kf IP3
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and removed the IP3 dependence. The equation for inactivation of the IP3-receptor
is defined in Li and Rinzel (1994) by
d2
[IP3 ]+d1
[IP3 ]+d3
d2
[IP3]+d1
[IP3 ]+d3
+[Ca2+cyt ]
and we changed it into
w∞ =
[IP3]
KwIP3
+[IP3]
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(2.28).
The expression for w∞ reflects that the inactivation of the IP3-receptor depends on
[IP3] and [Ca
2+
cyt ]. This agrees with data in Fig. 2 of Mak and Foskett (1997) showing
that the inactivation curve depends on [IP3] and [Ca
2+
cyt ]. We follow Li and Rinzel
(1994) by using a Hill coefficient of 1 for f∞ and w∞. The inactivation constant
time of the IP3-receptor is defined in Li and Rinzel (1994) by
1
a2(d2
[IP3]+d1
[IP3 ]+d3
+[Ca2+cyt ])
.
We changed it into the equivalent expression
τw =
a
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(2.29).
Since we dropped the first term [IP3][IP3]+d1
in the expression for the fast activation in
Li and Rinzel (1994), the parameter d1 was set to zero. The constants d2 and d3 in
Li and Rinzel are equal to K−1
w(Ca) and KwIP3 , respectively.
The variable w describes a slow inactivation process with time-dependent ki-
netics and is characterized by Eqs. 2.27-2.29. There is ample evidence suggesting
that the time required for IP3-receptor inactivation is slow in comparison to the
time required for IP3-receptor activation (Finch et al., 1991). This means that an
IP3-receptor can open quickly and can stay open for a considerable amount of time
(allowing calcium to leak out), before inactivation by calcium takes place. The time
constant τw (Eq. 2.29) for calcium-dependent (de-)inactivation of the IP3-receptor
is of the order of 20 s (Mak and Foskett, 1997) and decreases with an increase in
[IP3] and [Ca
2+
cyt ].
Several studies (see e.g. Finch et al. (1991), Marchant and Taylor (1998) and
Dufour et al. (1997)) reported evidence that calcium-dependent inactivation is of
the order of seconds. The calcium oscillations and spontaneous action potentials in
NRK cells have periods in the order of 30-200 seconds, so there must be a slow
component in the oscillation that governs the interval, which is not observed in
(Finch et al., 1991; Marchant and Taylor, 1998; Dufour et al., 1997). Unfortunately,
there is no agreement as to which set of data better represents in vivo behavior. It
was not our goal to model the detailed kinetics of the IP3-receptor, but rather to de-
scribe our slow NRK calcium oscillations and to understand the influence of these
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oscillations upon the membrane excitability and vice versa. Therefore, we chose
to modify the time constant of the variable w in such a way that it is relatively
fast in high [Ca2+] and slow in low [Ca2+], as well as dependent upon [IP3], as in
(Mak and Foskett, 1997). In this way the variable w is a minimal model of a com-
plexity of mechanisms that all keep the IP3 receptor closed on a longer time scale.
Phosphorylation of the IP3-receptor has been suggested to cause slow calcium os-
cillations (Yule et al., 2003). Another possibility might be that slow oscillations in
IP3 concentration determine the slow dynamics of the cellular calcium response
(Nash et al., 2001). However, at the moment there is no experimental evidence yet
for these mechanisms in NRK cells.
At the high values of cytosolic calcium reached after a release wave, the inacti-
vated IP3-receptor remains closed for some time. This allows a decrease of cytoso-
lic calcium by re-uptake of calcium into the ER by the SERCA pump and by extru-
sion out of the cell by the PMCA pump. The equation for the SERCA pump (Eq.
2.25) is taken from (Lytton et al., 1992). The flux of the SERCA pump (JSERCA)
increases for increasing cytosolic calcium. The flow through the JlkER channel is
proportional to the difference in concentration of calcium in the ER and the cytosol
(Eq. 2.24).
The simple intracellular calcium oscillator is coupled to the intracellular cal-
cium buffer described in the model description section ’The electrical membrane
model’ (see eq. 2.18). For an overview of the parameter values, used in this study,
see Tables 3 and 4. We did not include calcium buffering in the ER, because we have
no data on that buffering in our cells and because separate simulations showed that
this buffer had no or hardly any effect on cytoplasmic calcium oscillations and AP
firing.
The complete single-cell model
If we combine the membrane model with the model for the intracellular calcium
dynamics (see Fig. 2.1), the currents through the membrane are described by the
differential equation
Cm
dVm
dt
= −(IKir+ Ilk+ ICaL+ ICl(Ca) + ISOC) (2.1)
while the rate of change for cytosolic calcium concentration is defined by
Volcyt
d[Ca2+cyt ]
dt
= AER(JIP3R+ JlkER− JSERCA)−Volcyt
d[BCa]
dt
+APM JPM (2.21)
with
JPM = −
1
zCaF
1
APM
(ICaL+ ISOC)− JPMCA (2.19)
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and the rate of change for the calcium concentration in the ER by
VolER
d[Ca2+ER]
dt
= AER(−JIP3R− JlkER+ JSERCA) (2.22)
JPM (Eq. 2.19) couples calcium dynamics to the electrical membrane model and
GCl(Ca) does the opposite. The factor
1
zCaF
is a conversion factor that transforms a
current of Ca-ions into a calcium flux changing the cytosolic Ca-concentration (Eq.
2.21). Here F is the Faraday constant and zCa is the valence of Ca-ions.
2.3 Dynamic properties of the model
In the past separate models have been proposed for the dynamics of the cell mem-
brane and for the IP3-related intracellular Ca-oscillations. As we will explain, in-
tegrating the two models gives some unexpected complexities, which can only be
understood if the two separate components have been clarified in detail. Therefore,
we will first explain the properties of the membrane and intracellular Ca-oscillation
models separately, before integrating them into a full model.
Dynamics of the electrical membrane model
Current pulses cause the model to generate action potentials similar to those appear-
ing in real NRK fibroblasts in whole-cell current-clamp experiments. This is illus-
trated in Fig. 2.2, which shows the excitable properties of the single-cell model in
response to stimulation of the membrane with a current pulse of 10 pA (for param-
eter values see Table 3). In response to the current pulse, the membrane potential
rises from its resting value near -70 mV to about +20 mV (Fig. 2.2A). The depolar-
ization is caused by the combination of an increasing inward ICaL and a decreasing
outward IKir (Fig. 2.2B, dashed line and dashed-dotted line, respectively). After the
initial depolarization to about +20 mV, repolarization to about -20 mV is caused
by inactivation of ICaL and activation of the Ca-dependent chloride channels, which
are activated by the increase of cytosolic Ca due to the influx of Ca-ions through
the L-type Ca-channels. The increase of the calcium concentration in the cytosol
is shown in Fig. 2.2C (solid line). The rapid increase of calcium in the cytosol is
buffered and decreases due to extrusion by the PMCA pump. After inactivation of
the L-type Ca-channel, the Ca-dependent Cl-current (solid line, Fig. 2.2B) keeps
the membrane potential for some time at the plateau phase near -20 mV (ECl(Ca)),
which lasts (∼ 2 s) until the Ca-concentration in the cytosol has decreased to low
levels. The Ca-induced ICl(Ca) goes outward during the peak of the action potential,
but reverses into a small inward Cl-current during the plateau phase. With the de-
creasing Ca-concentration in the cytosol, the conductance of the calcium-dependent
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Figure 2.2: Current-clamp simulation in an NRK fibroblast membrane model. Ac-
tion potential generated upon a current pulse of 10 pA and of 100 msec duration.
A shows the simulated membrane potential of the NRK cell model, B shows the
currents: ICaL (dashed line), IKir (dash-dotted line), ICl(Ca) (solid line), Ilk (dotted
line) and the Ipulse (solid line) and C shows the free (solid line) and buffered cal-
cium concentration in the cytosol (dashed line). The buffer rates were set to 13
(µM s)−1 (kon) and 2.28 s−1 (ko f f ). This results in a KD value of
ko f f
kon
= 0.175 µM.
The total buffer concentration TB was 20 µM. These values were in the same range
as reported by Na¨gerl et al. (2000). All parameters were as in Table 3, except for
JmaxPMCA, which was set to the value 4×10−5 µMs×dm2 for the electrical membrane model
without an IP3-mediated calcium oscillator.
chloride channels decreases and the membrane potential becomes subject to the re-
polarizing effect of IKir.
The leak-current Ilk follows the shape of the action potential (dotted line, Fig. 2.2B).
The conductance of the SOC-channel in this membrane model has been set to a
small constant value (0.05 nS), since it depends on the Ca-concentration in the ER,
which is not included in the membrane model (ISOC is not shown in Fig. 2.2, be-
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cause this current is very small). This leak of Ca-ions through the SOC channel
is chosen such that the balance between leak through the plasma membrane and
extrusion by the PMCA pump gives a cytosolic calcium concentration of 0.08 µM
in the steady state at -70 mV. The SOC channel will play an important role when
we merge the membrane model with the model for the intracellular Ca-oscillator to
make a complete model for the NRK-cell dynamics.
Dynamics of the intracellular calcium oscillator model
When the IP3-concentration is zero, JIP3 equals zero, and the ratio between cytosolic
calcium and calcium in the ER is determined by a balance between two fluxes:
JSERCA = JlkER. Solving this equation for [Ca
2+
ER] as a function of [Ca
2+
cyt ] gives
[Ca2+ER] =
JmaxSERCA
KlkER
[Ca2+cyt ]
2
[Ca2+cyt ]
2 +K2SERCA
+[Ca2+cyt ].
Differentiation of this equation gives the rate of change of [Ca2+ER] as a function of
[Ca2+cyt ]:
∂ [Ca2+ER]
∂ [Ca2+cyt ]
=
JmaxSERCA
KlkER
2[Ca2+cyt ]K
2
SERCA
([Ca2+cyt ]
2 +K2SERCA)
2 +1.
The parameter values of JmaxSERCA and KlkER can be found in Table 4. For low values
of [Ca2+cyt ],
∂ [Ca2+ER]
∂ [Ca2+cyt ]
is proportional to 2 J
max
SERCA
KlkER
, which is about 8000. Therefore, when
the concentration of cytosolic calcium changes, the concentration of calcium in the
ER changes 8000 as much.
In agreement with previous studies (Schuster et al., 2002; Li and Rinzel, 1994)
the behavior of the IP3-receptor system follows that of a Hopf bifurcation. When
the concentration of IP3 increases from zero, it reaches a point where spontaneous
calcium oscillations occur. This can be understood from Eqs. 2.26 and 2.28. For
increasing IP3-concentration, the fraction of open inactivation gates (Eq. 2.28) in-
creases. As a consequence, the leakage of calcium through the IP3-receptor in-
creases and the Ca-concentration in the cytosol increases. The fraction of open
activation gates (Eq. 2.26) is independent of the IP3 concentration, but increases
when the Ca-concentration in the cytosol increases. This provides a positive feed-
back between the IP3-receptor state and the activation gate: when the IP3-receptor
starts leaking calcium, the fraction of open activation gates increases, contribut-
ing to a greater leakage of calcium through the IP3-receptor, and a large burst of
calcium will be released through the IP3-receptor.
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Figure 2.3: Simulation of the intracellular calcium oscillator for an IP3-
concentration of 0.5 µM (Fig. 2.3A) and 1 µM (Fig. 2.3B). When the IP3-receptor
opens, the calcium concentration in the ER decreases (Fig. 2.3A, middle panel),
while the calcium concentration in the cytosol increases (Fig. 2.3A, solid line in
upper panel). The buffer absorbs part of the calcium release in the cytosol (dashed
line in upper panel). The lower panel of Fig. 2.3A shows the flow through the ER
membrane. The flow of Ca-ions through the IP3-receptor during the opening of the
IP3-receptor (dashed line), the flow through the SERCA pump (dashed-dotted line)
and the leak (solid line).
Fig. 2.3A shows the oscillations for an IP3-concentration of 0.5 µM. When
the IP3-receptor opens, the calcium concentration in the ER decreases (Fig. 2.3A,
middle panel), while the calcium concentration in the cytosol increases (Fig. 2.3A,
solid line in upper panel). The buffer absorbs part of the calcium release in the
cytosol (dashed line upper panel). The lower panel of Fig. 2.3A shows the flow
through the ER membrane. The flow of Ca-ions through the IP3-receptor during
the opening of the IP3-receptor is a large, short lasting flow (dashed line). The leak
flow is rather small (solid line). Integrated over a complete cycle of the IP3-receptor,
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the flow through the SERCA pump (dashed-dotted line) is equal to the flow through
the IP3-receptor plus the leak flow.
Increasing the IP3-concentration increases the frequency of the calcium oscil-
lations (compare Fig. 2.3A (IP3 0.5 µM) and 2.3B (IP3 1 µM)). The lower panel of
Fig. 2.3B shows the flows through the ER membrane. The flow of Ca-ions through
the IP3-receptor during the opening of this receptor shows a large peak, followed
by a small shoulder (dashed line). The sharp peak in the flow of Ca-ions is due to
the rapid activation, followed by a fast inactivation of the IP3-receptor. The small
shoulder is the result of the slow closing of the f gate (∼ 15 s, related to the slow
decrease of cytosolic calcium) and the increase of the difference between calcium
in the ER and in the cytosol.
For high IP3-concentrations (IP3 > 2 µM), the oscillations stop at a subcritical
Hopf-bifurcation with a hysteresis effect. For these high IP3-concentrations, the
IP3-receptor is leaking continuously, and the f and w gates have an open probability
near 0.8 and 0.3, respectively, which allows calcium to flow continuously from
the ER into the cytosol. The basal calcium concentration in the cytosol remains
permanently elevated. This elevated calcium concentration opens the Cl-channels
in the membrane model, when we couple the intracellular calcium model to the
membrane model.
The buffer plays an important role in the model. Increasing the affinity kon of the
buffer leads to a frequency decrease of calcium oscillations and a decrease of their
peak amplitude. A very large affinity or a very large total buffer capacity reduces
the Ca-concentration in the cytosol to such an extent that the IP3-receptor will not
be activated and calcium oscillations will not occur. Hence, oscillations can only
be produced by the model if kon and ko f f are in the same range. This is achieved by
setting KD =
ko f f
kon
= 0.175 µM and TB = 20 µM in agreement with data by Na¨gerl
et al. (2000).
Action potentials of the complete cell model evoked by intracellular cal-
cium transients versus external current pulses
In the complete cell model intracellular calcium oscillations and action potential
firing are coupled. This is illustrated in Fig. 2.4, which shows the calcium concen-
tration in the cytosol (A), calcium concentration in the store (B), and the corre-
sponding action potential (C) for IP3-mediated calcium oscillations (first and last
events near times 80 and 240 s) and for electrical stimulation of the membrane
(middle event near 160 s). It also shows the ion currents through the membrane
for an IP3-mediated calcium oscillation (D) and after an external current pulse (E).
At the onset of a calcium cycle during spontaneous calcium oscillations, inflow of
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calcium from the ER into the cytosol opens the Ca-dependent Cl-channel, causing
an inward current, i.e. an outward flow of Cl−-ions (solid line in D) as long as
the membrane potential is below the Cl-Nernst potential near -20 mV, and a cor-
responding depolarization. The inflow of Ca2+ from the ER and the resulting rise
of the membrane potential to the Cl-Nernst potential near -20 mV have two oppo-
site effects on the L-type Ca-channels. The depolarization causes activation of the
L-type Ca-channels, but the slow depolarization before reaching the threshold and
the increased cytosolic calcium concentration cause inactivation of these channels.
The result of these opposing effects is a relatively small inflow of calcium through
the membrane, causing a further depolarization above the Nernst potential of the
Cl-channels, which reverses the current of Cl-ions.
Inactivation of the L-type Ca-channels after the initial peak of the action po-
tential contributes to repolarization to the Cl-Nernst potential near -20 mV. The
reduction of cytosolic calcium by the activity of the SERCA and PMCA pump re-
duces ICl(Ca), such that the membrane becomes subject to the repolarizing effect of
IKir (dashed-dotted line in Fig. 4D). The role of GKir in the repolarization results
from reactivation of GKir after deactivation during the upstroke of the action poten-
tial. As a consequence, the membrane potential decreases from the voltage plateau
near -20 mV to the resting potential near -70 mV.
Fig. 2.4E shows the ion currents during an action potential (AP) evoked by
an external current pulse at time 160 s, just before the expected appearance of an
intracellular calcium oscillation. The corresponding AP is shown in Fig. 2.4C (see
arrow in C). It has a much larger initial peak than the intracellular calcium AP.
Stimulating the cell with an external current pulse opens the L-type Ca-channels,
causing a large inward current of Ca-ions (dashed line). The increase of calcium in
the cytosol opens the Ca-dependent Cl-channel (solid line). Notice that the inward
calcium current is about three times larger than in the case of an AP triggered by
an intracellular calcium oscillation (Fig. 2.4D), which is the reason of the increased
AP peak. This difference in the peak between these two types of APs was observed
before by Torres et al. (2004). Furthermore, the order of onset of Ca and Cl-ion
currents is reversed in both conditions. Inactivation of the L-type Ca-channels after
the initial peak of the action potential contributes to repolarization to the Cl-Nernst
potential near -20 mV. The reduction of the cytosolic calcium by the activity of the
SERCA and PMCA pump reduces ICl(Ca), such that the membrane becomes subject
to the repolarizing effect of IK (dashed-dotted line).
The duration of the action potential of the integrated model in Fig. 4 is much
longer (∼ 15 s) than that of the membrane model (∼ 2 s, see Fig. 2). This is due
to the additional presence of the intracellular calcium release mechanism in the ER
membrane causing an extended Ca-wave and extended opening of Cl(Ca)-channels
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Figure 2.4: Simulation of action potentials (APs) evoked by intracellular calcium
transients versus external current pulses in the complete cell model. The figure
shows the calcium concentration in the cytosol (panel A), calcium concentration in
the store (panel B) and corresponding AP for the complete model with the SOC
channel included (panel C) and ion currents ICaL (dashed line), IKir (dashed-dotted
line), ICl(Ca) (solid line), Ilk (dotted line) during a cytosolic calcium transient (panel
D, corresponding to the first AP in C) and the same ion currents during an external
current pulse (solid line)(panel E, corresponding to the second AP in C).
under the appropriate calcium buffering conditions in the model.
Calcium dynamics stability of the complete cell model
For a steady state situation without calcium oscillations and without action poten-
tials solving equation 2.22, so that
d[Ca2+ER]
dt = 0, gives for the balance of the calcium
flows into and out of the ER a steady-state ratio of about 8000 between the concen-
tration of calcium in the ER and cytosol (see section Dynamics of the intracellular
calcium oscillator model). Similarly, we find for the plasma membrane that the ra-
tio between the calcium concentration in extracellular space (1800 µM) and in the
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cytosol is determined by the total influx leak of Ca-ions through the membrane and
the activity of the PMCA pump. For the parameters in our model this ratio is about
30000 in the steady-state situation in the absence of action potential firing. Because
of these high ratios, small variations in the leak or activity of the pumps cause large
changes in the calcium concentrations in cytosol and ER. The Ca-dynamics of the
cell become highly unstable for periodic electrical stimulation of the cell membrane
and for periodic intracellular IP3-mediated calcium oscillations.
Suppose, that a cell in steady state without IP3-mediated calcium oscillations
(IP3 concentration zero) is electrically stimulated such, that it starts to generate
action potentials. The inflow of calcium during the action potentials gives peaks
in the calcium concentration in the cytosol (upper left panel of Fig. 2.5A). The
increased calcium concentration in the cytosol is reduced by activity of the PMCA
and SERCA pumps. Since there is no release of calcium from the ER related to IP3-
mediated calcium oscillations, the activity of the SERCA pump after each action
potential causes an accumulating increase of calcium in the ER (dashed line in
middle panel of Fig. 2.5A). With a constant leak of calcium through the plasma
membrane (by choosing a constant value for the SOC conductance) the calcium
concentration in the ER builds up to unrealistically high values in long term runs.
However, introducing a SOC channel reduces the leak of calcium into the cy-
tosol for high values of the calcium concentration in the ER (solid line in middle
panel of Fig. 2.5A). The reduced leak through the SOC channels causes a reduction
in mean cytosolic calcium concentration and a reduction of SERCA activity. As a
consequence the averaged calcium concentration in the ER increases slightly.
Now suppose that there is no electrical stimulation, but that the cell is in a
steady-state with IP3 equal to 0 µM and then starts to produce IP3-mediated cal-
cium oscillations due to an increase of IP3-concentration to 0.5 µM (Fig. 2.5B).
Each cycle of calcium release from the ER increases the calcium concentration in
the cytosol, leading to opening of the Ca-dependent chloride channels and depolar-
ization of the cell (lower panel in Fig. 2.5B). The depolarization opens the L-type
Ca-channels, causing inflow of calcium through the membrane into the cytosol.
As explained before (see Fig. 2.4D, E) the inflow of calcium through the L-type
Ca-channels in this condition is about three times smaller than in the case of elec-
trical stimulation. Therefore, the large peak in the action potential up to +20 mV in
Fig. 2.5A, which is due to sudden simultaneous opening of all L-type Ca-channels,
is absent in Fig. 2.5B. In the time periods between the IP3-mediated calcium oscil-
lations both the PMCA and SERCA pump remove calcium from the cytosol. How-
ever, since the inflow of calcium from the extracellular space is relatively small,
there is a net mean efflux of calcium out of the cell decreasing the calcium concen-
tration in the ER. If the leak of Ca through the cell membrane would be constant for
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Figure 2.5: Simulation of the complete model with a constant SOC conductance
value versus with an ER filling dependent SOC conductance. Fig. 2.5A shows the
resting membrane potential (lower panel) and the steady-state of the calcium con-
centration in the cytosol (upper panel) and in the ER (middle panel) for an IP3-
concentration of zero. At time 500 s, we induced action potentials (APs) (lower
panel) and CaOs (upper and middle panel) by electrical current pulses, first with
a constant SOC conductance value ( KSOC440+KSOC
) in the model (dashed line) and then
with an ER filling dependent SOC conductance (Eq. 2.16) (solid line). Figure 2.5B
shows the steady-state of the calcium concentration in the cytosol (upper panel)
and ER (middle panel) for an IP3-concentration of zero until time 500 seconds. At
time 500 s the IP3-concentration is changed to 0.5 µM. This will generate CaOs in
the cytosol (upper panel) and in the ER (middle panel) and APs (lower panel) with
implementation of Eq. 2.16 for the ER dependent SOC conductance in the model
(solid line) and one single CaO and AP with a constant SOC conductance (dashed
line).
all conditions, the consequence would be a depletion of calcium from the ER. This
is illustrated in Fig. 2.5B (dashed line in middle panel). After the rapid decrease
CHAPTER 2. STABILIZING ROLE OF SDC-CHANNELS 45
of the calcium concentration in the ER, inactivation of the IP3-receptor allows the
SERCA pump to increase calcium in the ER. However, after some time the inac-
tivation of the w-gate in the IP3-receptor decays, allowing an inflow of calcium in
the cytosol from the ER. Since the concentration of calcium in the ER is relatively
small, the flow of calcium through the IP3-receptor is much smaller than during
the first calcium release. As a consequence, the f-gate, which depends on cytosolic
calcium, opens gradually, leading to a small but continuous flow of calcium from
the ER into the cytosol. This gives rise to a low calcium concentration in the ER
(dashed line in middle panel of Fig. 5B). However, if we add a SOC channel in the
cell membrane, a decrease of calcium concentration in the ER leads to an increase
of calcium inflow through the cell membrane in the cytosol (Hofer et al., 1998).
Since small changes in cytosolic calcium concentration lead to large changes in
calcium concentration in the ER (8000 times larger), the presence of SOC channels
prevents depletion of the ER (solid line in middle panel).
The main conclusion from Fig. 2.5 is that SOC-channels can maintain a balance
of calcium in the ER for both conditions of electrical stimulation and spontaneous
IP3-mediated calcium oscillations.
Notice the difference in the duration of the plateau phase in the lower panel of
Fig. 2.5A and Fig. 2.5B. Since the IP3-concentration is zero in Fig. 2.5A, it is not
possible to open the IP3-receptor and to initiate intracellular calcium oscillations.
As a consequence the peak value of the calcium concentration in the cytosol after
an action potential is about a quarter of the peak value of the calcium concentra-
tion of the cytosol of a cell with IP3-concentration above zero (see upper panels in
Fig. 2.5). As a result, it takes less time for the PMCA and SERCA pump to reduce
the calcium concentration in the cytosol to its basal concentration if the IP3 con-
centration is zero. Since the duration of the plateau phase depends on the calcium
concentration in the cytosol via the Ca-dependent Cl-channels, the duration of the
plateau phase of the APs is smaller in Fig. 2.5A (lower panel) than in Fig. 2.5B.
The calcium flux through the SOC channel has large implications for the cell
behavior. This is illustrated in Fig. 2.6, which shows the behavior of the complete
model for a fixed concentration IP3 (0.5 µM) and with the conductance GSOC in-
creasing from 0 to 0.1 nS in steps of 0.025 nS (Fig. 2.6A). Fig. 2.6B shows the
Ca-concentration in the cytosol, Fig. 2.6C the Ca-concentration in the ER and
Fig. 2.6D shows the membrane potential of the cell. For small values of GSOC the
cytosolic calcium concentration is small and f∞ (Eq.2.26) is too small to open the
IP3-receptor (Fig. 2.6E). WhenGSOC increases, the cytosolic calcium concentration
increases leading to periodic opening and closing of the IP3-receptor. Fig. 2.6E
shows the f activation (dashed-dotted line) and w inactivation parameter (dotted
line) of the IP3-receptor. The solid line shows the product of f and w. After each
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Figure 2.6: Simulation of the complete model with IP3 = 0.5 µM and step-wise
increasingGSOC from 0 to 0.1 nS in steps of 0.025 nS. The figure shows the increase
of GSOC (A), the Ca-concentration in the cytosol (B), the Ca-concentration in the
ER (C) and the membrane potential of the cell (D). When GSOC increases above
0.125 nS, the level of Ca-concentration in the cytosol increases and the membrane
potential goes to -20 mV. Fig. 2.6E shows the f activation (dashed-dotted line) and
w (dotted line) inactivation parameter of the IP3-receptor. The solid line shows the
product of f and w. We chose a GSOC value (0.05 nS) so that the cell oscillates and
generates APs.
calcium oscillation the inactivation gate w suddenly decreases and then gradually
opens, causing an increase in the product fw and thereby causing the IP3-receptor
to leak calcium into the cytosol. This activates the (f) gate of the IP3-receptor and
gives positive feedback to the IP3-receptor. As a result a calcium burst is released
through the IP3-receptor.
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2.4 Discussion
The aim of this study was to develop an integrated single-cell model for NRK
cell excitability and intracellular calcium oscillations by combining a Hodgkin-
Huxley type model for action potential generation with a model for intracellular
IP3-mediated calcium oscillations. The present model is a minimal model, contain-
ing the essential components to reproduce the qualitative electrical behavior and
spontaneous calcium oscillations of NRK cells. Although the model was primarily
developed to reconstruct calcium oscillations in NRK fibroblasts, the results have
general applicability.
The new single-cell model revealed several new characteristics. 1) Combining
a known AP model for the cell membrane with a model for intracellular calcium
oscillations resulted into instability of the Ca-dynamics of the whole cell. Stability
of the whole-cell behavior required a control system to keep the calcium concen-
tration in cytosol and ER within certain limits. Here we show that this role can be
fulfilled by store-operated Ca-channels in the cell membrane. However, it is pos-
sible that other channels fulfill the same role, like diacylglycerol(DAG)-activated
(Hofmann et al., 1999) and arachidonate(ARC)-regulated Ca2+ channels (Mignen
et al., 2003) or reversible SERCA pumps (MacLennan et al., 1997). 2) There
is a mutual influence between excitability of the plasma membrane and the IP3-
dependent calcium oscillator. Action potential firing on the one hand may trigger
IP3-receptor dependent intracellular Ca-oscillations and on the other hand, intracel-
lular Ca-oscillations may induce rhythmic firing of Cl-mediated action potentials.
The characteristics of the action potential, however, are different in the two condi-
tions. These results will be discussed in more detail below in the context of available
experimental data for NRK fibroblasts and the numerical model simulations of the
present study.
The involvement of the IP3-receptor
Several mathematical models have been proposed in the literature for the IP3-
receptor (for an overview see (Schuster et al., 2002)). Usually, two classes of mod-
els with intracellular Ca-oscillations mediated by the IP3-receptor are distinguished.
The first class of models (called theCacyt/IP3 models, (see e.g. Li and Rinzel, 1994;
Keizer and De Young, 1994) assumes that the dynamics of the IP3-receptor is de-
termined by the concentrations of the cytoplasmic calcium and IP3. The second
type of models (Cacyt/CaER models (see e.g. Torres et al., 2001; Dupont and Gold-
beter, 1993) assumes that the dynamics of the IP3-receptor is dependent on the
Ca-concentration in the cytosol as well as in the ER.
In this study we opted for the Li and Rinzel model (Li and Rinzel, 1994). This
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choice was based on the different behavior of the two types of models upon the fre-
quency of the Ca-oscillations affected by changes in SERCA pump activity. In the
class of Cacyt/IP3 models, an increased SERCA pump activity will have no effect
on the frequency of the Ca-oscillations, since the frequency of the Ca-oscillations
only depends on the time τw for the de-inactivation of the w gate of the IP3-receptor,
which is determined by the IP3-concentration.
For the class of Cacyt/CaER models, the effect of increased SERCA pump ac-
tivity is more complex. A typical model from the Cacyt/CaER class contains a fac-
tor proportional to [Ca2+cyt ]
4 and a factor proportional to [Ca2+ER]
2 and is represented
by JIP3R =
[Ca2+ER]
2
Kr2+[Ca2+
ER
]2
[Ca2+cyt ]
4
[Ca2+cyt ]
4+K4A
VmaxIP3 (see e.g. Dupont and Goldbeter, 1993). The
net flux of calcium from the ER to the cytosol is defined by the leak through the
IP3-receptor and a leak channel in the ER minus the removal of calcium into the
ER by the SERCA pump. When the SERCA pump is more active, the net flux of
calcium into the cytosol decreases. Therefore, it takes more time to increase the
Ca-concentration in the cytosol to open the activation gate to sufficiently high val-
ues to cause an IP3-mediated calcium oscillation. This explains why the frequency
of the calcium oscillations decreases with increased SERCA pump activity for the
class ofCacyt/CaER models.
So, the main qualitative difference between the Cacyt/IP3 and the Cacyt/CaER
models is that the former predict a constant oscillation frequency for IP3-mediated
calcium oscillations, whereas the latter predict lower oscillation frequencies when
SERCA pump activity increases. In recent experiments, Harks et al. (2003b) showed
that partial blocking of the SERCA pump with thapsigargin reduces the amplitude
of the oscillations by about 30 %, but does not affect the frequency of the oscilla-
tions. Based on these experimental findings we decided to use theCacyt/IP3 model
described by Li and Rinzel (Li and Rinzel, 1994); (see Eq. 2.23), which is a reduced
version of the De Young-Keizer model (De Young and Keizer, 1992).
Recent preliminary real-time reverse transcriptase polymerase chain reaction
(RT-PCR) studies in our laboratory revealed that the IP3-receptor isoforms IP3R1
and IP3R3 are expressed in NRK cells, whereas the IP3R2 isoform is not (Almirza
et al., unpublished results). Interestingly, distinct roles of the IP3R1 and IP3R3 have
been described in calcium signalling (Hattori et al., 2004). In Hela cells, expressing
comparable amounts of IP3R1 and IP3R3, knockdown by RNA interference of each
subtype resulted in dramatically distinct calcium signalling patterns. Knockdown
of IP3R1 significantly decreased total calcium signals and terminated calcium os-
cillations. Conversely, knockdown of IP3R3 leads to more robust and long lasting
calcium oscillations than in controls, suggesting that IP3R3 might function as an
anti-Ca-oscillatory unit (Hattori et al., 2004). Our finding that single isolated NRK
fibroblasts can be induced to respond with intracellular calcium oscillations (see
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Fig. 2.7A; see Appendix) upon exposure to PGF2α , therefore, supports our model
assumption of the involvement of IP3R1 in calcium oscillations, and justifies the
use of its kinetic features in modeling the intracellular calcium oscillator. In this
minimal model we have not included features of IP3R3. The involvement of specif-
ically IP3R1 is further supported by the finding that thimerosal, recently shown to
potentiate IP3-dependent calcium fluxes through IP3R1, but not the type 3 recep-
tor, via modulation of an isoform-specific Ca-dependent intramolecular interaction
(Bultynck et al., 2004), indeed amplifies the PGF2α-induced Ca-response of an
initially poorly responding cell (Fig. 2.7B and Appendix).
Intracellular calcium buffering and compartmentalization
The characteristics of the Ca-oscillations of the whole cell model are strongly de-
pendent on the parameters of the Ca-buffer in the cytosol. Changing the buffer
parameters affects the calcium concentration in the cytosol and the duration of
the plateau phase. The duration of the plateau depends on the activity of the Ca-
dependent Cl-channels. When the calcium concentration in the cytosol decreases
due to a higher affinity (kon) and/or due to an increase of total buffer capacity TB, the
Ca-dependent Cl-channel will close earlier with the consequence that the duration
of the plateau phase becomes shorter. The precise buffering properties for calcium
in NRK cells are not known. In the membrane model of Torres et al. (2004), the
values of the buffer parameters were different from the parameters in this model.
This is mainly due to the fact that simulations of Torres et al. (2004) were aimed
to reproduce experimental results in conditions of non-natural calcium buffers like
EGTA and BAPTA.
The peak values of the calcium concentration in the cytosol during an oscil-
lation are much higher than reported in the literature (see e.g. Mak et al., 1998).
Theoretical models and indirect experimental observations have predicted that Ca-
concentrations at the inner surface of the plasma membrane reach, upon stimu-
lation, values much higher than those of the bulk cytosol. Marsault et al. (1997)
demonstrated that the mean Ca-concentration near the plasma membrane can reach
values more than 10-fold higher than those of the bulk cytosol upon activation of
calcium influx through plasma membrane channels. Our explanation for the high
calcium concentration in the model is the simplification of intracellular calcium
dynamics by the absence of intracellular compartmentalization. If the cytosol is
considered as a finite volume with diffusion of Ca-ions in the cytosol, the aver-
age concentration of Ca-ions in the cytosol will be much lower than that near the
membrane (in case of an action potential) or near the ER (for IP3-mediated Ca-
oscillations).
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The importance of feedback of ER filling to calcium inflow transporters
The Ca-concentration in the store depends critically on the ratio of the activity
of the SERCA pump and the leak of calcium through the ER membrane. For a
cell at rest, it is possible to choose the parameters for the plasma membrane cal-
cium (PMCA) pump, the SERCA pump, Ca2+-leak channels through the plasma
membrane and Ca2+-leak channels through the ER membrane such, that a stable
situation occurs. However, this stability at rest is lost when action potentials or
IP3-oscillations lead to changes in the Ca
2+-concentration of the cytosol.
This instability could be overcome by introducing a channel controlled by feed-
back of the store, which provides a coupling between the Ca-currents through the
cell membrane and the Ca-concentration in the ER, for example a store-operated
Ca-channel (SOC). The existence of SOCs is well known and well accepted. Re-
cent experimental findings have shown that calcium entry through SOC channels is
essential to sustain receptor-induced intracellular Ca-oscillations (Bird and Putney,
2005). In non-excitable cells they provide the most important calcium influx in the
cytosol (Putney, 1990) and thereby regulate the Ca-concentration in the ER via the
Ca-concentration in the cytosol. Activation of SOCs is triggered by depletion of in-
tracellular calcium stores. Despite the intense research in the field, the mechanism
that links the fall of Ca-concentration in the stores to the opening of plasma mem-
brane Ca-channels remains highly controversial. One set of hypotheses postulates
the release of a diffusible messenger by the pools, while others claim a physical
interaction between the empty stores and plasma membrane involving membrane
proteins, secretory vesicles and possibly cytoskeletal elements (reviewed in Putney
and McKay, 1990; Parekh, 2003).
Although SOC channels in NRK fibroblasts have not yet been demonstrated
experimentally, their expression in these cells seems most likely. In NRK fibrob-
lasts the induction of calcium oscillations by PGF2α is not affected by blockers
of L-type Ca-channels but is prevented in calcium-free extracellular media (Harks
et al., 2003b). These findings thus agree with the model prediction that stable long-
term CaOs require influx of extracellular calcium mediated by a plasma membrane
channel, other than the L-type calcium channel, possibly a SOC channel. In our
model simulations we found that stable calcium dynamics could be achieved with
values for a whole-cell SOC-conductance (GSOC) near 0.05 nS. These values are
of the same order of magnitude as experimentally determined by (Rychkov et al.,
2005) for a SOC channel in rat hepatocytes.
Some other channels may very well regulate the Ca-dynamics in a similar way.
The central idea is that there has to be some feedback of ER calcium content upon
cytosolic Ca entry. Falcke et al. (2000), Chay (1996) and Li et al. (1997) discuss
models for stable Ca-dynamics without a store-operated channel. Their mechanism
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is based on a Ca-dependent K+ current. These channels could be useful to control
a stable long-term operation of the cell. However, the presence of Ca-dependent
potassium channels in our NRK cell can be excluded for three reasons. 1) Ion-
substitution experiments revealed that the calcium-dependent current in voltage-
clamp experiments was a chloride current (Harks et al., 2003a). 2) Current-clamp
measurements show that an increased PGF2α agonist concentration leads to an in-
creased intracellular calcium concentration and a depolarization of membrane po-
tential towards the Nernst potential of chloride channels (Harks et al., 2003a). The
presence of a Ca-dependent K-channel would result in a hyperpolarization, consis-
tent with the model by Loewenstein et al. (2001). 3) Charybdotoxin blocks certain
Ca-dependent potassium channels, but this blocker has no effect on the membrane
potential of NRK cells during IP3-mediated calcium oscillations (personal commu-
nication with E.G. Harks). Therefore, a different mechanism should be involved in
our NRK cells. Sneyd et al. (2004) suggested a modification of the SERCA pump-
dynamics to control the balance of Ca-ions in the cytosol and the ER, such that
lower concentrations of calcium in the ER lead to higher activity of the SERCA
pump. A SOC-channel and the modified SERCA-dynamics, used by Sneyd et al.
(2004), have the same qualitative effect on the regulation of the total amount of cal-
cium in the ER. However, there is a small difference between the modified SERCA
pump and the SOC channel. If the concentration of calcium in the ER is suddenly
decreased, the modified SERCA pump will become more active leading to a de-
crease of Ca in the cytosol. In contrast to that a decrease in the Ca-concentration in
the ER leads to an initial increase of [Ca2+cyt ] for a cell model with SOC-channels in
the membrane.
One of the main critisms regarding the store-operated calcium channels in the
plasma membrane concerned the signaling mechanism which senses Ca2+ store
depletion and triggers opening of the store-operated calcium channel. Recently, it
was shown (Liou et al., 2005; Roos et al., 2005) that STIM (stromal interaction
molecule) acts as the missing link between store and plasma membrane. This find-
ing supports the presence of store-operated channels and fits very well with the
important function of store-operated channels that is postulated in our study.
Appendix: Calcium oscillations in single NRK cells
The basic property of the present NRK-cell model is that it is able to generate self-
sustained IP3-dependent intracellular calcium oscillations. This property is based
on our previous work (Harks et al., 2003b), where we found good evidence that
NRK cells in a monolayer culture under certain conditions are able to generate
spontaneous intracellular IP3-mediated calcium oscillations, independent of their
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neighbor cells to which they are coupled by gap junctions. To further support this
idea we addressed the question whether the exhibition of prolonged intracellular
calcium oscillations is an intrinsic property of a single NRK fibroblast in isola-
tion or whether it requires for some reason gap-junctional coupling of the cell to
other cells in a network of electrically or chemically coupled cells. For that pur-
pose we measured the calcium response of single, isolated fura-2-loaded NRK fi-
broblasts upon exposure to PGF2α , because this prostaglandin was able to induce
IP3-dependent calcium oscillations in NRK-monolayer cells (Harks et al., 2003b).
Methods. Quiescent monolayers of normal rat kidney fibroblasts (NRK clone
49F) were cultured and dissociated in single cells by trypsinization as described
previously (Harks et al., 2003a). The experiments on the dissociated cell cultures
were performed 2-4 hours after trypsinization when NRK cells had been suffi-
ciently attached to the culture dish. Intracellular calcium measurements were as
described in detail in (Harks et al., 2003b): Coverslips with trypsinized single NRK
fibroblasts in isolation were placed in a cell chamber and loaded with fura-2/AM.
Dynamic video imaging was performed as described elsewhere (Cornelisse et al.,
2002). Excitation wavelengths were 340 nm and 380 nm and fura-2 fluorescence
emission was monitored at wavelengths above 440 nm. Ratio images (F340/F380)
were calculated every 6 s and plotted as a function of time to monitor relative
changes in the cytosolic [Ca2+] (see Fig. 2.7).
Results and Discussion.As in our previous studies on monolayers of gap junc-
tionally coupled NRK cells (Harks et al., 2003b), 1 µM PGF2α induced calcium
responses in individual cells in a population of single NRK fibroblasts in isolation.
The trypsinized single, isolated NRK fibroblasts appeared less responsive to expo-
sure to 1 µM PGF2α than the NRK cells in the intact monolayer culture. In an
area of the coverslip imaged, 3 of 26 cells showed an initial large calcium transient
followed by prolonged calcium oscillations (Fig. 2.7A) with similar shapes and
frequencies (0.2-1.4 min−1) as induced in monolayer cells (Harks et al., 2003b).
The remainder of the isolated single cells only showed the initial large calcium
transient upon exposure to PGF2α sometimes followed by a 2nd delayed transient.
However, in a field of 14 of these single initial-peak responders imaged 13 cells
started sustained calcium oscillations upon exposure to 10 µM thimerosal (Fig.
2.7B), a compound that has been described to sensitize the type-1 IP3-receptor
(Bultynck et al., 2004). Thimerosal (10 µM), even without prior exposure of the
cells to PGF2α , already induced calcium oscillations in these cells with a compa-
rable delay (n=10, data not shown). A plausible interpretation of these observations
is that the direct oscillation responders to PGF2α could serve as pacemaker cells
in a periodically firing NRK-monolayer culture, while the initial-peak responders
could behave as follower cells. In summary, we conclude that at least a percent-
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Figure 2.7: Induction of calcium oscillations in single isolated NRK fibroblasts
by PGF2α . A. Example of a cell exhibiting PGF2α-induced calcium oscillations
characterized by an initial sharp calcium peak resulting from calcium release from
IP3-sensitive stores which was followed by a secondary response consisting of pro-
longed repetitive calcium oscillations, comparable to those described for cells in
monolayer cultures by Harks et al. (2003b). B. An example of a poorly respond-
ing cell showing only the initial calcium transient. Subsequent addition of 10 µM
thimerosal amplified the PGF2α-induced calcium response of this cell as shown
by the delayed appearance of secondary repetitive calcium oscillations. For exper-
imental details, see Appendix.
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age of single, isolated NRK cells has the intrinsic property to generate sustained
IP3-dependent calcium oscillations. This percentage is probably an underestimate
because of the experimental conditions (trypsinization). Thus, the property that the
single NRK-cell model can generate self-sustained IP3-dependent calcium oscilla-
tions is supported by ample experimental evidence.
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Tables
Table 1: The equations defining the electrical membrane properties of NRK fibroblastic
cells and associated intracellular calcium buffering
Cm
dVm
dt
=−(IKir+ Ilk+ ICaL+ ICl(Ca) + ISOC) (2.1)
IKir = GKir
√
Ko
Kost
(
α
α+β
)
(Vm−EK) (2.2)
α = 0.11+exp{0.06(Vm−EK−50)} (2.3)
β = 3exp{2×10
−4(Vm−EK+100)}+exp{2×10−4(Vm−Ek−10)}
1+exp{−0.06(Vm−EK−50)} (2.4)
EK = 1000
RT
F ln(
Ko
Ki
) (2.5)
Ilk = Glk (Vm−Elk) (2.6)
ICaL = mhvCa GCaL (Vm−ECaL) (2.7)
dm
dt
= m∞−mτm (2.8)
m∞ = 11+exp(− Vm+155.24 )
(2.9)
τm = 0.01m∞(1−exp(−(Vm+10)/5.9))0.035(Vm+10) (2.10)
dh
dt
= h∞−hτh (2.11)
h∞ = 11+exp( Vm+374.6 )
(2.12)
τh =
0.01
0.02+0.0197exp(−[0.0337(Vm+10)]2) (2.13)
vCa =
KvCa
[Ca2+cyt ]+KvCa
(2.14)
ICl(Ca) =
[Ca2+cyt ]
[Ca2+cyt ]+KCl(Ca)
GCl(Ca) (Vm−ECl(Ca)) (2.15)
ISOC =
KSOC
[Ca2+ER]+KSOC
GSOC (Vm−ESOC) (2.16)
Volcyt
d[Ca2+cyt ]
dt
=−Volcyt d[BCa]dt +APM JPM (2.17)
d[BCa]
dt
= kon([TB]− [BCa])[Ca2+cyt ]− ko f f [BCa] (2.18)
JPM =− 10
−6
zCaF
1
APM
(ICaL+ ISOC)− JPMCA (2.19)
JPMCA = J
max
PMCA
[Ca2+cyt ]
[Ca2+cyt ]+KPMCA
(2.20)
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Table 2: The equations defining the properties of the intracellular calcium dynamics model of
NRK cells isolated from the electrical membrane model when JPM is zero (see eq 2.19)
Volcyt
d[Ca2+cyt ]
dt
= AER(JIP3R+ JlkER− JSERCA)−
d[BCa]
dt
Volcyt +APM JPM (2.21)
VolER
d[Ca2+ER]
dt
= AER(−JIP3R− JlkER+ JSERCA) (2.22)
JIP3R = f
3
∞w
3KIP3R ([Ca
2+
ER]− [Ca2+cyt ]) (2.23)
JlkER = KlkER([Ca
2+
ER]− [Ca2+cyt ]) (2.24)
JSERCA = J
max
SERCA
[Ca2+cyt ]
2
K2SERCA+[Ca
2+
cyt ]
2 (2.25)
f∞ =
[Ca2+cyt ]
Kf IP3
+[Ca2+cyt ]
(2.26)
dw
dt
=
w∞−w
τw
(2.27)
w∞ =
[IP3]
KwIP3
+[IP3]
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(2.28)
τw =
a
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(2.29)
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Table 3: Parameter values of the electrical membrane properties, including
buffering.
Cm ∗ 20 pF
GKir
∗ 2.2 nS
Kost 5.4 µM
Ko 5.4 µM
Ki
∗ 120 µM
Elk
∗ 0 mV
Glk
∗ 0.05 nS
ECaL
∗ 50 mV
GCaL
∗ 0.7 nS
KvCa 10 µM
ECl(Ca)
∗ -20 mV
GCl(Ca)
∗ 5 nS
KCl(Ca) 35 µM
GSOC 0.05 nS
ESOC 50 mV
KSOC 10 µM
JmaxPMCA 1.6×10−5 µmols×dm2
KPMCA 0.25 µM
zCa 2
APM 2×10−7 dm2
Volcyt 1×10−12 dm3
F 96480 C/mol
R 8.314 m
2kg
s2Kmol
T 293 K
kon 13 (µM s)−1
ko f f 2.28 s
−1
TB 20 µM
Caext 1800 µM∗ values from Harks et al. (2003a), other values from Torres et al. (2004) except
the new parameters (GSOC,KSOC,Kost ,Ko)
Table 4: Parameter values of the intracellular calcium dynamics properties
APM 2×10−7 dm2
Volcyt 1×10−12 dm3
AER 0.3×10−7 dm2
VolER 0.1×10−12 dm3
KlkER 0.002×10−5 dms
JmaxSERCA 8×10−5 µmols×dm2
KSERCA 0.20 µM
KIP3R 6×10
−5 dm
s
Kf IP3 0.5 µM
Kw(Ca) 0.5 µM
−1
KwIP3 1.5 µM
a 20 s
kon 13 (µMs)−1
ko f f 2.28 s
−1
TB 20 µM
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Chapter 3
Hysteresis and bi-stability by an
interplay of calcium oscillations and
action potential firing
Many cell types exhibit oscillatory activity, such as repetitive action potential
firing due to the Hodgkin-Huxley dynamics of ion channels in the cell membrane or
reveal intracellular inositol triphosphate (IP3) mediated calcium oscillations (CaOs)
by calcium-induced calcium release channels (IP3-receptor) in the membrane of
the endoplasmic reticulum (ER). The dynamics of the excitable membrane and that
of the IP3-mediated CaOs have been the subject of many studies. However, the
interaction between the excitable cell membrane and IP3-mediated CaOs, which
are coupled by cytosolic calcium which affects the dynamics of both, has not been
studied. This study for the first time applied stability analysis to investigate the
dynamic behavior of a model, which includes both an excitable membrane and
an intracellular IP3-mediated calcium oscillator. Taking the IP3 concentration as a
control parameter, the model exhibits a novel rich spectrum of stable and unstable
states with hysteresis. The four stable states of the model correspond in detail to
previously reported growth-state dependent states of the membrane potential of
normal rat kidney fibroblasts in cell culture. The hysteresis is most pronounced for
experimentally observed parameter values of the model, suggesting a functional
importance of hysteresis. This study shows that the four growth-dependent cell
Adapted from:Kusters J.M.A.M., Cortes J.M., van Meerwijk W.P.M., Ypey D.L., Theuvenet
A.P.R. and Gielen C.C.A.M., Phys. Rev. Lett. 98(9):098107, 2007
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states may not reflect the behavior of cells that have differentiated into different cell
types with different properties, but simply reflect four different states of a single cell
type, that is characterized by a single model.
3.1 Introduction
Complexity and multiple transitions among behaviorial states are ubiquitous in bi-
ological systems (Murray, 2002; Keener and Sneyd, 1998). In physics instabilities
and hysteresis are well known to play an important role in collective properties and
have been studied since many years (Haken, 1975; Jones, 1976; Normand et al.,
1977; Cross and Hohenberg, 1993). Recently, multi-stability with hysteresis has
also awakened a large interest in biological systems (Ashwin and Timme, 2005). In-
stabilities, for instance, are crucial for efficient information processing in the brain,
such as in odor encoding (Rabinovich et al., 2001; Laurent et al., 2001). Moreover,
unstable dynamic attractors have been demonstrated in cortical networks, with crit-
ical relevance to working memory and attention (Pantic et al., 2002; Cortes et al.,
2006; Holcman and Tsodyks, 2006). In a wide sense, multistable systems allow
changes among different stable solutions where the system takes advantage of in-
stabilities as gateways to switch between different stable branches (Ashwin and
Timme, 2005). Bistability driven by instabilities prevents the system from reaching
intermediate states, e.g. partial mitosis.
At the level of cell networks, multistability, and in particular bistability, plays
an important role in cell signaling as well (Laurent and Kellershohn, 1999; An-
geli et al., 2004). For example, communication between neurons takes place at
synaptic contacts, where arrival of an action potential stimulates release of a neu-
rotransmitter, thus affecting the post-synaptic potential of the target cell. Typically,
each cell receives input from thousands of other cells mediated by different neuro-
transmitters, which modify the post-synaptic potential by excitation or inhibition at
different time scales (Ferrell, 2002). This information at the cell membrane may be
transferred to the cell nucleus by so-called second messengers to affect the nucleus
in controlling DNA-expression, protein synthesis, mitosis, etc. Calcium is one such
second messenger and calcium oscillations have been reported over a wide range
of frequencies with a chaotic or regular pattern (Chay and Rinzel, 1985).
In many biological systems, cells display spontaneous calcium oscillations and
repetitive action potential firing. These phenomena have been described separately
by models for intracellular inositol trisphosphate (IP3)-mediated calcium oscilla-
tions (CaOs) (De Young and Keizer, 1992; Sneyd and Dufour, 2002) and for plasma
membrane excitability (Torres et al., 2004). We have recently presented a single-
cell model that combines an excitable membrane with an IP3-mediated intracellular
CHAPTER 3. HYSTERESIS AND BI-STABILITY IN A NRK CELL MODEL 61
calcium oscillator (Kusters et al., 2005). The IP3-receptor is described as an en-
doplasmic reticulum (ER) calcium channel with open and close probabilities that
depend on the cytoplasmic concentrations of calcium ([Ca2+cyt ]) and IP3 ([IP3]). An
essential component of this model relates to store-operated calcium channels in the
plasma membrane. Since it is not known whether multiple types of store-operated
calcium channels are involved in normal rat kidney (NRK) fibroblasts, we will use
the general terminology of store-dependent calcium (SDC) channels.
NRK fibroblasts in cell culture exhibit growth-state dependent changes in their
electrophysiological behavior (Harks et al., 2005). Subconfluent-grown serum de-
prived quiescent cells exhibit a stable resting membrane potential near -70 mV
(”resting state”). Upon subsequent treatment with epidermal growth factor the cells
re-enter the cell cycle, undergo density-dependent growth-arrest (contact inhibi-
tion) at confluency and spontaneously fire action potentials associated with intracel-
lular calcium oscillations (”AP-firing state”). Subsequent addition of retinoic acid
or transforming growth factor (TGF)β to the contact inhibited cells causes the cells
to become phenotypically transformed and to depolarize the cell to approximately
-20 mV (”depolarized state”). This depolarization has been shown to be caused by
an elevation of the concentration of prostaglandin (PG)F2α secreted by the unre-
stricted proliferating transformed cells. Washout of the medium conditioned by the
transformed cells by perfusion with fresh serum-free medium causes the cells to
slowly repolarize, and, preceded by a short period of fast small-amplitude spiking
of their membrane potential (”fast oscillating state”), to regain spontaneous repeti-
tive action potential firing activity (”AP-firing state”) similar to that of the contact
inhibited cells. These phenomena have been described in detail (Harks et al., 2005)
and are very similar to the behavior of other cell types with calcium oscillations
and action potential firing, such as interstitial cells of Cajal (Ward et al., 2000) and
hepatocytes (Dupont et al., 2003).
In this study we have analyzed the model reported in (Kusters et al., 2005).
This model, which is shown schematically in Fig. 3.1, illustrates the basic charac-
teristics of NRK fibroblasts. It reproduces, on the basis of single-cell data (Harks
et al., 2003a; Kusters et al., 2005), the dynamics of both the plasma membrane ex-
citability and that of the intracellular calcium oscillator. We have recently shown
that (PG)F2α dose-dependently induces IP3-dependent intracellular calcium oscil-
lations in NRK fibroblasts (Harks et al., 2003b). Since the growth-state dependent
modulation of the membrane potential of NRK fibroblasts is related to the con-
centration of (PG)F2α in their culture medium (Harks et al., 2005) and since this
prostaglandin dose-dependently increases [IP3], we took [IP3] as a control param-
eter to analyze the stability of the single-cell model.
The stability analysis shows how coupling of an excitable membrane with an
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Figure 3.1: Conceptual model of the processes involved in membrane excitabil-
ity and intracellular IP3-mediated calcium oscillations by calcium release through
IP3-receptors in the ER membrane in NRK fibroblasts. Cell-membrane excitabil-
ity is supported by inwardly rectifying potassium channels (GKir), Ca-dependent
Cl-channels (GCl(Ca)), L-type Ca-channels (GCaL), store-dependent calcium (SDC)
channels (GSDC), a PMCA pump and leak channels (Glk). The total flux of calcium
through the ER-membrane is the result of the contribution by the SERCA pump,
by the IP3-receptor (JIP3R) and by leak channels in the ER membrane (JlkER). The
membrane excitability and IP3-mediated calcium oscillations are coupled by the
cytosolic calcium concentration, which is also affected by a calcium buffer B.
intracellular calcium oscillator leads to a rich behavior of a cell with multiple stable
and unstable states with hysteresis. We show that the growth-state dependent mod-
ulations of the membrane potential of NRK fibroblasts in cell culture described
above can be understood as the stable states of the single-cell model with mem-
brane excitability and calcium oscillations of these cells. The stable states of the
model reproduce the four growth-dependent states of NRK cells, corresponding to
the resting state at −70 mV, the AP-firing state for spontaneous action potential
firing, the depolarized state at −20 mV and the fast oscillating state with small-
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amplitude spiking around −20 mV. Therefore, the four growth-dependent states of
NRK fibroblasts may not reflect the behavior of cells that have differentiated into
different cell types with different properties, but reflect four different states of a
single cell type, that is characterized by a single model.
3.2 Model description
The dynamics of NRK cell membrane excitability is given by a set of equations
which describe the active and passive ion transport systems in the plasma mem-
brane and the endoplasmic reticulum, as illustrated in Fig. 3.1 (see (Kusters et al.,
2005; Torres et al., 2004) for a detailed description). The change in the membrane
potential as a function of time due to the currents through inwardly rectifying
potassium channels (IKir), L-type Ca-channels (ICaL), Ca-dependent Cl-channels
(ICl(Ca)), leak channels (Ilk), and SDC-channels (ISDC) is given by
Cm
dVm
dt
=−(IKir+ Ilk+ ICaL+ ICl(Ca) + ISDC). (3.1)
IKir and Ilk determine the membrane potential of the cell at rest near -70 mV and
are specified in (Kusters et al., 2005).
The equation describing the L-type Ca-current (ICaL) in terms of the Hodgkin-
Huxley kinetics of the L-type Ca-channel, is given by
ICaL = mhvCa GCaL(Vm−ECaL), (3.2)
where m is the voltage-dependent activation variable, h is the voltage-dependent
inactivation variable and vCa is the inactivation parameter. The dynamics of the
variables m and h are described by first order differential equations of the Hodgkin-
Huxley type (Kusters et al., 2005). The calcium-dependent inactivation is given by
vCa = KvCa/([Ca
2+
cyt ]+KvCa).
The Ca-dependent Cl-current ICl(Ca) is given by
ICl(Ca) =
[Ca2+cyt ]
[Ca2+cyt ]+KCl(Ca)
GCl(Ca) (Vm−ECl(Ca)) (3.3)
The chloride current increases with the cytosolic calcium concentration [Ca2+cyt ],
causing a depolarization to the Nernst potential of chloride ions (ECl(Ca)) near -20
mV in NRK fibroblasts for sufficiently high values of [Ca2+cyt ].
The store-dependent calcium current ISDC is described by
ISDC =
KSDC
[Ca2+
ER
]+KSDC
GSDC (Vm−ESDC). (3.4)
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This store-dependent calcium channel allows calcium ions to flow from the extra-
cellular space into the cytosol at a rate inversely proportional to the calcium concen-
tration in the ER (Hofer et al., 1998). SDC channels are thought to play a major role
in the control of Ca-homeostasis in the cell (Kusters et al., 2005; Feske et al., 2006).
The rate of change of Ca-content of the cytosol of the cell due to inflow through
the cell membrane and from the ER store, and by buffering is described by
Volcyt
d[Ca2+cyt ]
dt
= APM JPM+AER(JIP3R+ JlkER− JSERCA)−Volcyt
d[BCa]
dt
, (3.5)
where Volcyt represents the cytoplasmic volume and APM and AER the area of the
cell membrane and of the ER membrane, respectively. The term [BCa] denotes
the buffer-calcium complex in the cytosol and will be explained later. The flux
of calcium through the membrane (JPM) is the sum of the influxes of Ca
2+ ions
through the L-type Ca-channel, through the SDC-channel, and of the extrusion by
the PMCA-pump (Kusters et al., 2005), and is given by
JPM =−(1/(zCaFAPM))(ICaL+ ISDC)− JPMCA.
The dynamics for the intracellular calcium oscillator is described by the flux of
calcium through the ER membrane. The rate of change of calcium content in the ER
depends on the sum of flux through the IP3-receptor (JIP3R), flux by leak through the
ER-membrane (JlkER) and flux by removal by the SERCA pump (JSERCA), which
results in
VolER
d[Ca2+ER]
dt
= AER(−JIP3R− JlkER+ JSERCA), (3.6)
where VolER represents the volume of the ER.
The flux through the IP3-receptor is described by
JIP3R = f
3
∞w
3KIP3R ([Ca
2+
ER]− [Ca2+cyt ]) (3.7)
where [Ca2+ER]− [Ca2+cyt ] is the concentration difference between calcium in the ER
and in the cytosol. KIP3R is the rate constant per unit area of IP3-receptor mediated
release. The terms f∞ and w represent the fraction of open activation and inactiva-
tion gates, respectively. f∞ and w∞ depend both on the cytosolic calcium concen-
tration and are described by
f∞ =
[Ca2+cyt ]
Kf IP3 +[Ca
2+
cyt ]
(3.8)
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and
w∞ =
[IP3]
KwIP3
+[IP3]
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
. (3.9)
The inactivation time constant of the IP3-receptor is defined by
τw =
a
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
. (3.10)
Kf IP3 , KwIP3 , Kw(Ca) and a are constants. The fraction of open activation gates (f) is
independent of the IP3 concentration, but increases when the calcium concentration
in the cytosol increases. The fraction of open inactivation gates (w) depends on the
IP3 concentration and on [Ca
2+
cyt ]. τw determines the duration of the de-inactivation
of w.
JlkER is a passive leak of Ca
2+ from the ER into the cytosol which is not me-
diated by the IP3-receptor, but by an additional Ca-channel in the ER membrane,
presumably the translocon. Experimental evidence for a role of the translocon com-
plex as a passive Ca2+ leak channel has been presented recently (Flourakis et al.,
2006). JlkER is given by JlkER = KlkER([Ca
2+
ER]− [Ca2+cyt ]). We used the leakage pa-
rameter KlkER as a control parameter to study the dynamics of the plasma mem-
brane, because changes in the leak of Ca-ions through the ER membrane produce
proportional changes in [Ca2+cyt ].
JSERCA represents the flux of calcium into the ER by the SERCA pump and is
given by JSERCA = J
max
SERCA {[Ca2+cyt ]2/(K2SERCA+[Ca2+cyt ]2)}.
Finally, calcium in the cytosol is buffered by proteins in the cytosol. The dy-
namics of buffering is given by d[BCa]/dt = kon([TB]− [BCa])[Ca2+cyt ]−ko f f [BCa],
where [TB] is the total concentration of buffer in the cytosol and kon and ko f f are the
buffer rates (Kusters et al., 2005).
The excitable membrane and the IP3-mediated intracellular calcium oscillator
are coupled by the Ca-concentration [Ca2+cyt ] in the cytosol as explained in (Kusters
et al., 2005). During an action potential, opening of the L-type Ca-channel causes
a large inward current of Ca-ions through the plasma membrane. The increased
[Ca2+cyt ] activates the IP3-receptor (calcium release channel), causing calcium release
from the ER, which further contributes to the intracellular cytosolic calcium tran-
sient. In the reverse process, IP3-mediated calcium oscillations cause periodic cal-
cium transients, which lead to periodic opening of the Ca-dependent Cl-channels.
The depolarization of the membrane potential towards the Nernst potential of the
Ca-dependent Cl-channels near -20 mV causes activation of the L-type Ca-channels
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in the plasma membrane and excitation (Torres et al., 2004; De Roos et al., 1997c).
After an action potential or Ca-transient the reduction of cytosolic calcium by the
activity of the SERCA and PMCA pumps reduces ICl(Ca) (see Eq. 3.3), enough to
allow the membrane to return to the membrane potential at rest near −70 mV.
The dynamics of the single-cell model depends on seven variables (m, h, w,
[BCa], Vm, [Ca2+cyt ] and [Ca
2+
ER]), which were defined above. To study the stability
of the complete system we have determined the singular states for the system and
calculated the Floquet multipliers of these singular states (Fairgrieve and Jepson,
1991; Iooss and Joseph, 1981).
3.3 Stability analysis of the membrane model
We will first analyze the bifurcations and local stability of both the excitable mem-
brane and intracellular calcium oscillator separately, and then compare the results
with the properties of the single-cell model including both the membrane dynamics
and intracellular calcium oscillator. Two different analyses, namely, our own im-
plementation in C, and the software package XPPAUT (Ermentrout, 2002), which
includes an AUTO86 (Doedel and Kernevez, 1986) interface, gave the same results.
In the single-cell model the intracellular calcium oscillations can be eliminated
by setting the IP3 concentration ([IP3]) to zero. This allows the study of the ex-
citable cell membrane separately from the calcium oscillator. The dynamics of the
plasma membrane depends on the cytosolic calcium concentration [Ca2+cyt ], which
opens the Ca-dependent Cl-channel. Since the leak of Ca-ions from the ER affects
the mean value of [Ca2+cyt ], the dynamics of the membrane is studied as a function of
the leakage parameter KlkER. Fig. 3.2 shows a hysteresis diagram for the excitable
cell membrane with the steady states of the calcium concentration in the cytosol
([Ca2+cyt ], panel A) and of the membrane potential (Vm, panel B). The thick and thin
solid lines refer to the stable states for increasing and decreasing values of KlkER,
respectively. The dashed-dotted lines reflect the transitions between the two stable
branches for increasing and decreasing values of KlkER.
Starting at the value zero for KlkER, the inwardly rectifying K-channels keep the
membrane potential at the resting membrane potential of the NRK fibroblasts near
−70 mV, where the membrane is able to produce an action potential upon electrical
stimulation (Kusters et al., 2005). For increasing values of KlkER, [Ca
2+
cyt ] andVm in-
crease gradually, causing a decreasing threshold for activation. The gradual increase
of Vm is due to gradual opening of the Ca-dependent Cl-channels for increasing
[Ca2+cyt ] (see Eq. 3.3). At KlkER ≈ 58.0×10−8 dm/s, [Ca2+cyt ] is large enough to open
the Ca-dependent Cl-channels driving the membrane potential towards the Nernst
potential for Cl−-ions which is near −20 mV in NRK fibroblasts (see Fig. 3.2B).
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Figure 3.2: Stable and unstable states for the excitable membrane using KlkER as
a control parameter. The intracellular Ca-oscillator was silenced by setting the IP3
concentration to zero. Thick (thin) lines correspond to the stable steady-state solu-
tions for the [Ca2+cyt ] (panel A) and for the membrane potential (panel B) for increas-
ing (decreasing) values of for KlkER. The set of parameter values in this model was
as reported in (Kusters et al., 2005), with GSDC = GSOC .
The resulting depolarization causes closure of the inwardly rectifying K-channels
and opening of the L-type Ca-channels which leads to an increase of calcium in-
flow from the extracellular medium into the cytosol. The positive feedback via the
membrane potential between Ca-dependent Cl-channels and L-type Ca-channels
explains the abrupt increase of [Ca2+cyt ] (dashed-dotted line) to 2.3 µM.
When we decrease KlkER starting from 60.0× 10−8 dm/s (thin solid line), the
cell remains depolarized near -20 mV far below the value of KlkER at 58.0× 10−8
dm/s. This is caused by the feedback between the Ca-dependent Cl-channels and
L-type Ca-channels. When KlkER decreases, [Ca
2+
cyt ] also decreases, which reduces
the fraction of open Ca-dependent Cl-channels. As a consequence, the membrane
potential slightly decreases just below -20 mV, which leads to an increased fraction
of open L-type Ca-channels, since the product of mh of steady-state activation and
inactivation (see Eq. 3.2) reaches a maximum just below -20 mV. The increment
of the fraction of open L-type Ca-channels leads to an extra inflow of calcium in
the cytosol, which increases the fraction of the open Ca-dependent Cl-channels and
prevents the system from falling back to a membrane potential near−70 mV. Thus,
in spite of the slow decrease of calcium concentration and membrane potential
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caused by the leak channels, the feedback by the L-type Ca-channels keeps the
system at an elevated [Ca2+cyt ] and membrane potential near−20 mV until low values
KlkER. The calcium in the cytosol returns to a low concentration, only when the
KlkER is decreased to very low values. Then the Ca-dependent Cl-channels close
and the membrane potential repolarizes to −70 mV . Separate simulations showed
that the inward rectifier contributes to the transitions, but not to the hysteresis.
3.4 Stability analysis of the intracellular calcium oscilla-
tor
Following a similar plan as for the excitable cell membrane, we obtained a bifur-
cation diagram for the intracellular calcium oscillator as a function of the IP3 con-
centration under conditions that the L-type Ca-channels are blocked such as with
nifedipine. This was achieved by setting GCaL to zero and KlkER to its physiological
value of 2.0×10−8 dm/s. In this way, we eliminate the contribution of calcium in-
flow by the L-type Ca-channels and remove a principal influence of the membrane
model on the intracellular calcium oscillator. Therefore, we only take into account
the Ca-flux through the SDC-channels and PMCA pump in the plasma membrane.
As explained in (Kusters et al., 2005), the relative strength of the PMCA and
SERCA pump is crucial to reproduce the steady state calcium concentrations in
the cytosol and in the ER. By eliminating the calcium inflow by the L-type Ca-
channels, less calcium flows into the cell. Therefore, we have to change the relative
strength of the PMCA and/or SERCA pump to maintain the proper balance be-
tween calcium concentration in the cytosol and ER. In this model study, we choose
to decrease the strength of the SERCA pump. By doing so, the system reveals a
bifurcation diagram (Fig. 3.3A) similar to that observed in other models (Li and
Rinzel, 1994; Schuster et al., 2002).
Fig. 3.3A shows the dynamical behavior of [Ca2+cyt ] as a function of [IP3] for
GCaL = 0 and with J
max
SERCA set to 2 x 10
−5 (µmol)/(s x dm2). Fig. 3.3A shows a sin-
gle stable steady state for small values of [IP3] (range 0.0 - 0.2 µM). At [IP3] near
0.2 µM the dynamics reveals a supercritical Hopf bifurcation (thick solid line), and
the system becomes a calcium oscillator in the range of IP3 concentrations between
0.2 and 3.6 µM. For [IP3] values near 3.6 µM the system meets a supercritical Hopf
bifurcation and remains stable for higher IP3 concentration at a Ca-concentration
near 5 µM. In the range for [IP3] above 3.5 µM, the elevated mean level of [Ca
2+
cyt ]
gives rise to a short time constant τw for the inactivation parameter w (Eq. f3.10).
Due to this small time constant the inactivation w recovers relatively fast compared
to the removal of [Ca2+cyt ], i.e. before the activation parameter f de-activates to small
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Figure 3.3: The bifurcation diagram for the intracellular calcium oscillator in
the single-cell model as a function of [IP3] after elimination of action potentials
(GCaL = 0) and with J
max
SERCA set to 2 x 10
−5 µmol/(s x dm2) in panel A and to
8 x 10−5 µmol/(s x dm2) in panel B. Analogous to Fig. 3.2, thick and thin solid
lines correspond to the stable states for increasing and decreasing values for [IP3],
respectively. The three insets in panel A show the Ca-concentration as a function
of time for [IP3] values at 0.01, 2 and 4 µM. The inset in B shows the stable (solid
lines) and unstable (dashed-dotted lines) states for a large range of [IP3] values.
The set of all other parameter values in this model was as reported in (Kusters
et al., 2005), with GSDC = GSOC.
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values. As a result the product f w does not reach small values and the IP3-receptor
remains open (see Eq. 3.7), causing a constant leak of calcium.
For decreasing [IP3] values (thin solid line), the system starts at a stable fixed
point which remains stable until 3.50 µM. In the range [IP3] between 3.5 and 3.6
µM, the system exhibits bistability and a hysteresis over a small range of IP3-
values. This hysteresis is caused by the positive feedback between [Ca2+cyt ] and the
activation gate ( f ). For decreasing [IP3], the [Ca
2+
cyt ] is already elevated and so a
large fraction of activation gates f is already open and the time constant τw is short.
Due to the short time constant τw, the time for de-inactivation (w) is faster than for
de-activation (f). As a consequence, the product of f and w does not reach small
values and calcium passes continuously through the IP3-receptor from the store into
the cytosol. This hysteresis did not show up in the figures presented by Li & Rinzel
(Li and Rinzel, 1994), but appears in their model if we insert the parameter values
which apply to the NRK fibroblasts (see (Kusters et al., 2005)).
For [IP3] values below 3.5 µM, the stable fixed point disappears, and the system
starts to operate as an oscillator, until [IP3] values smaller than 0.15 µM, where the
system returns to a single stable steady state.
As a next step, we have set the strength of the SERCA pump back to its default
value 8.10−5 µmol/(s x dm2) which corresponds to the value in the single-cell
model with an excitable membrane and IP3-mediated calcium oscillations. This
results in the bifurcation diagram shown in Fig. 3.3B. Fig. 3.3B shows a major
hysteresis in the [IP3] range between 8 and 53 µM (see inset). To compare the
results with those in Fig. 3.3A we scaled Fig. 3.3B in the same [IP3] range as in
Fig. 3.3A.
When the strength of the SERCA pump is increased to 8.10−5 µmol/(s x dm2),
[Ca2+cyt ] decreases more rapidly after a calcium transient. This affects the time con-
stant τw of the inactivation parameter w (see Eq. 3.10). For small [Ca2+cyt ] levels, this
time constant is relatively large, ensuring a slow de-inactivation. This explains why
a more powerful SERCA pump gives rise to calcium oscillations over a much larger
range of IP3 concentrations. Only at sufficiently large [IP3] values does τw become
sufficiently small such that de-inactivation (w) takes place more rapidly than de-
activation ( f ). For these high IP3-values, the product fw of the activation parameter
(f) and the inactivation parameter (w) is large enough to allow a continuous leak of
calcium through the IP3-receptor.
The inset in Fig. 3.3B shows a single stable steady state for small values of
[IP3]. At [IP3] near 0.2 µM, the dynamics reveals a subcritical Hopf bifurcation
(thick solid line), and the system becomes a calcium oscillator in the range of IP3
concentrations between 0.2 and 53 µM. For [IP3] above 53 µM, [Ca
2+
cyt ] is elevated
at a steady state concentration near 4 µM. For decreasing [IP3] values (thin solid
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line), the system starts at a stable elevated [Ca2+cyt ] which remains stable until [IP3]
is near 8 µM. For [IP3] values below 8 µM, the stable fixed point disappears, and
the system starts to operate as an oscillator, until [IP3] values smaller than 0.2 µM.
We conclude that increasing the activity of the SERCA pump makes it more easy
for the cell to oscillate at higher [IP3] values and causes a hysteresis over a larger
range of [IP3] values.
3.5 Stability analysis of the single-cell model
Unblocking the L-type Ca-channels (GCaL =0.7 µM) transforms the bifurcation di-
agram of 3.3B into that of Fig. 3.4A. Fig. 3.4 shows [Ca2+cyt ] (panel A) and the mem-
brane potential (panel B) as a function of IP3 concentration in the cell. The solid
and dashed-dotted lines represent stable and unstable states, respectively. For small
[IP3] values in the range from 0.00 to 0.15 µM, the cell has a single stable steady
state (”resting state”) with a membrane potential near -70 mV. For [IP3]> 0.15 µM,
the stable fixed point becomes unstable in a subcritical Hopf bifurcation. Calcium
oscillations together with action potentials occur for IP3 concentrations in the range
between 0.15 and 1.75 µM (”AP-firing state”) (see panelC which shows the mem-
brane potential as a function of time for [IP3] = 0.7 µM). In this regime, a rapid
calcium inflow from the ER into the cytosol opens the Ca-dependent Cl-channel,
causing an inward current towards the Cl-Nernst potential close to −20 mV . This
depolarization activates the L-type Ca-channels leading to an AP. After closure of
the IP3-receptor, calcium is removed from the cytosol by the Ca-pumps in the cell
membrane and ER, leading to repolarization to −70 mV. For [IP3] > 1.75 µM,
the fixed point ([Ca2+cyt ],Vm) near (3.00 µM,-20 mV ) becomes stable in a subcritical
Hopf bifurcation (”depolarized state”). This can be understood from the fact that
the time-constant τw (see Eq. 3.10) for calcium-dependent (de-)inactivation of the
IP3-receptor decreases for increasing values of [IP3] and for increasing values of
the mean [Ca2+cyt ]. Near [IP3] = 1.75, the time-constant τw is relatively short. Dur-
ing a cytosolic calcium transient the fast inactivation of the inactivation gates w
of the IP3-receptor is followed by a fast de-inactivation of the inactivation gates
of the IP3-receptor. During the fast de-inactivation, the fraction of open activation
gates f of the IP3-receptor is still high due to high [Ca
2+
cyt ] (because removal of
calcium through the SERCA and PMCA pump is not fast enough). As a conse-
quence the IP3-receptor remains open. Now the IP3-receptor acts as a constant leak
channel, like JlkER. This leak of calcium into the cytosol opens the Ca-dependent
Cl-channels, causing a maintained depolarization to the Cl-Nernst potential near
−20 mV (”depolarized state”) (panel B).
If [IP3] is decreased starting from [IP3] = 2.5 µM, the cell with both the ex-
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Figure 3.4: The bifurcation diagram for the single-cell model. The figure shows the
stable (solid lines) and unstable (dashed-dotted lines) states for [Ca2+cyt ] (panel A)
and the membrane potential (panel B) as a function of IP3 concentration. Panel C
and D show the membrane potential for [IP3] at 0.7 µM in case of increasing and
decreasing [IP3], respectively. The small arrows on the curves show the direction
of change of the stable modes for increasing and decreasing values of [IP3]. The set
of parameter values in this model was as reported in (Kusters et al., 2005).
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citable membrane and intracellular calcium oscillator active exhibits a complex
hysteresis pattern. For decreasing IP3 concentrations, the system stays in a single
stable state (solid line) at an elevated [Ca2+cyt ] near 3 µM and a membrane poten-
tial near −20 mV until [IP3] ≈ 0.85 µM (”depolarized state”). Then, the cell goes
through a Hopf bifurcation (dashed line) forcing the system to behave as a sta-
ble oscillator with small calcium oscillations with an amplitude of about 6 µM
and with small membrane potential oscillations around −23 mV (”fast oscillating
state”). These small oscillations of the membrane potential just below −20 mV
are illustrated in more detail in panel D. Note that the oscillations of the mem-
brane potential in panels C and D are both obtained for [IP3] = 0.7 µM, illustrating
the hysteresis. The oscillations shown in panel D are due to small IP3-mediated
calcium oscillations with active involvement of the L-type Ca-channel dynamics.
Due to decreasing [IP3], the de-inactivation time constant τw of the IP3-receptor
increases gradually. This makes it possible for the cell to generate calcium oscil-
lations. Setting vca in the equation for the L-type Ca-current to 1 does not change
the bifurcation diagram of Fig. 3.4. The shape of the bifurcation scheme in Fig.
3.4A remains the same, but the calcium oscillations extend over a larger range of
[Ca2+cyt ]-values (approximately twice as large).
At [IP3] ≈ 0.45 µM the stable small-amplitude oscillator becomes unstable
(dashed line), returning the system to the stable oscillations with large amplitude
Ca-oscillations with a peak value near 20 µM and with action potentials in the
range between -70 and -10 mV (”AP-firing state”). Finally, for [IP3] values smaller
than 0.15 µM the system returns to a single stable state (”resting state”).
In comparison with the simple dynamics of the cell membrane and intracellu-
lar Ca-oscillator, shown in Figs. 3.2 and 3.3, it is remarkable to see the complex
behavior of the single-cell model shown in Fig. 3.4.
Since the SDC channels in the plasma membrane play a crucial role in stabiliza-
tion of the calcium dynamics (Kusters et al., 2005; Mignen et al., 2005), we studied
the dynamics of the cell as a function of the SDC conductance in a range between
0.00 and 0.20 nS. Fig. 3.5 shows the hysteresis diagrams for five different values
of GSDC. As explained in Kusters et al. (2005), the calcium homeostasis of the cell
is unstable for GSDC = 0.00 nS. For small values of GSDC bistability and hystere-
sis appears. The IP3 range with hysteresis is largest for a GSDC value near 0.04 nS
(see Fig. 3.5). For higher values of GSDC, the range of hysteresis decreases until
the typical Hopf-bifurcation for the intracellular IP3-mediated calcium oscillations
remains for GSDC = 0.20 nS.
The IP3 range of the hysteresis as a function on the SDC conductance channel
is shown in Fig. 3.6. We define the IP3 range of hysteresis as the range of [IP3] in
which multiple states are found for increasing and decreasing [IP3]. For example,
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Figure 3.5: Bifurcation diagrams for the single-cell model as shown in Fig. 3.4A for
different values of the SDC channel conductance from GSDC = 0.02 nS (bottom) to
GSDC = 0.20 nS (top). At 0.04 nS (second graph from bottom), the hysteresis loop
has a maximum in the [IP3] range from 0.5 to 1.95 µM.
in Fig. 3.4 hysteresis takes place for [IP3] values between 0.45 and 1.75 µM, giving
an IP3 range of hysteresis of 1.3 µM.
Recent data in the literature show that the SDC conductance, which was found
to give the largest range for hysteresis in our study (near 0.04 nS), corresponds to
the observed SDC conductance in other studies (Parekh and Putney, 2005; Krause
et al., 1996; Rychkov et al., 2005). The SDC conductance reported in Table 1 of
(Parekh and Putney, 2005) and in (Krause et al., 1996) was in the range between
0.04 and 0.05 nS (solid line below the peak in Fig. 3.6). For hepatocytes (Rychkov
et al., 2005) a SDC conductance was reported in the range between 0.08 and 0.14
nS. However, since the density of all ion channels in hepatocytes is twice as high
as in fibroblast (de Roos, 1997; Yin and Watsky, 2005), the ratio of conductances
for the ion channels is the same in hepatocytes and NRK fibroblasts. If we correct
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Figure 3.6: IP3 range of the hysteresis loop in µM (cf. Fig. 3.5) as a function on
SDC conductance (GSDC) for a NRK cell with a capacitance of 20 pF reveals a
value in which the hysteresis area is maximum (dots are simulated data). Below the
peak, we illustrate the SDC conductance measured in experiments and separately
reported in (Parekh and Putney, 2005; Krause et al., 1996) (solid line) and (Rychkov
et al., 2005) (dashed line).
for this higher density, rescaling all conductances for those of NRK fibroblasts, we
obtain the dotted line in 3.6. Therefore, the SDC conductance, for which hysteresis
is found over the largest range of IP3- values in our study (see Figs. 3.5 and 3.6), is
in agreement with experimental observations for SDC conductance.
3.6 Discussion
In this study we have analyzed a relatively simple model with an excitable mem-
brane and with IP3-mediated calcium oscillations. The interaction between these
mechanisms in a single-cell model revealed a surprisingly rich behavior with sta-
ble/instable states with hysteresis.
The hysteresis and bistability of the membrane potential and the intracellu-
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lar calcium concentration in Fig. 3.4A and B obtained by stability analysis of the
single-cell model provide an explanation for the various growth-state dependent
changes in the electrophysiological behavior of normal rat kidney (NRK) fibrob-
lasts in cell culture (Harks et al., 2005). The stability analysis of the single-cell
model (Fig. 3.4) reveals for low [IP3] values (range 0.0 - 0.2 µM) a cell in the ”rest-
ing state” . Increasing the [IP3] leads to spontaneous AP firing (”AP-firing state”)
and at high [IP3] values above 1.75 µM, the cell depolarizes (”depolarized state”).
When we start at an [IP3] value of 2.0 µM and decrease [IP3], the system is in the
”depolarized state” and changes from the ”fast oscillating state” (range 0.45 - 0.8
µM) to the ”AP-firing state”(range 0.2 - 0.45 µM) back to its ”resting state” (range
0.0 - 0.2 µM), which is in agreement with experimental data shown by Harks et al.
(Harks et al., 2003b). In the study of Harks et al. (Harks et al., 2005) washout of the
medium conditioned by the transformed cells by perfusion with fresh serum-free
medium, causes the cells to slowly repolarize, and, preceded by a short period of
fast small-amplitude spiking of their membrane potential (”fast oscillating state”),
to regain spontaneous repetitive action potential firing activity similar to that of
the contact inhibited cells. This compares well with the results in Fig. 3.4B, which
shows for decreasing [IP3] a very similar behavior. Therefore, we conclude that the
stable states of the model as revealed by stability analysis of the single-cell model
correspond in great detail to the observed growth-state dependent modulations of
the membrane potential of NRK fibroblasts in cell culture. This strongly suggests
that these growth-state dependent modulations of the membrane potential of NRK
cells reflect just different states of the same cell, rather than the behavior of cells,
that have differentiated to different cell types with different properties during the
various stages of growth-factor stimulated development in vitro.
Most of the parameter values in our model were taken from the literature (see
(Kusters et al., 2005)) for a detailed overview). Interestingly, the parameter val-
ues for the excitable membrane and for the IP3-mediated calcium oscillator, which
are very different mechanisms, are not independent. This can be understood from
the fact that the dynamics of the excitable membrane and of the IP3 receptor are
coupled by the cytosolic calcium concentration. Changing one parameter of the ex-
citable membrane or calcium oscillator affects the other mechanism by changes in
the cytosolic calcium concentration. This is illustrated, for example, by Fig. 3.3.
Changing the strength of the SERCA pump causes large differences in the range
of hysteresis in the dynamics of cytosolic calcium (Fig. 3.3), and therefore also in
the dynamics of the membrane potential (see Fig. 3.4, which illustrates the relation
between the dynamics of cytosolic calcium and the membrane potential). Although
the parameter values for the excitable membrane and for the IP3-mediated calcium
oscillator were taken from different studies, they fit nicely together to explain the
behavior of NRK cells both qualitatively and quantitatively. This provides strong
evidence for the reliability of these parameter values. Moreover, this suggests that
cells should have complicated regulatory mechanisms to control all parameter val-
ues within a proper range of parameter values to ensure the proper cell dynamics.
Summarizing, we explored the dynamical properties of a single-cell model re-
producing experimental observations on calcium oscillations and action potential
generation in NRK fibroblasts. A bifurcation analysis revealed hysteresis and a
complex spectrum of stable and unstable states, which allows the system to switch
among different stable branches. Stability of the cell behavior is dominated by the
homeostatic function of the SDC channel. The conductance, which provides the
largest IP3 range for hysteresis, compares well with experimental values for this
conductance (Parekh and Putney, 2005; Krause et al., 1996; Rychkov et al., 2005).
Experimental observations in NRK fibroblasts revealed the same kind of hysteresis
as shown by this study.
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schappelijk Onderzoek (NWO), Ministerio de Educacion y Ciencia (MEC), Junta
de Andalucia (JA) and Engineering and Physical Sciences Research Council (EP-
SRC), projects NWO 805.47.066, MEC FIS2005-00791, JA FQM-165 and EPSRC
EP/C0 10841/1.
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Chapter 4
Fast calcium wave propagation mediated
by electrically conducted excitation and
boosted by CICR
We have investigated synchronization and propagation of calcium oscillations,
mediated by gap junctional excitation transmission. For that purpose we used an
experimentally based model of normal rat kidney (NRK) cells, electrically coupled
in a 1-dimensional configuration (linear strand). Fibroblasts such as NRK cells, can
form an excitable syncytium and generate spontaneous inositol 1,4,5-triphosphate
(IP3) mediated intracellular calcium waves, which may spread over a monolayer
culture in a coordinated fashion.
An intracellular calcium oscillation in a pacemaker cell causes a membrane de-
polarization from within that cell via Cl(Ca)-channels leading to a L-type Ca-based
action potential in that cell. This action potential is then transmitted to the electri-
cally connected neighbor cell and the calcium inflow during that transmitted action
potential triggers a calcium wave in that neighbor cell by opening of IP3-receptor
channels, causing calcium induced calcium release (CICR). In this way the cal-
cium wave of the pacemaker cell is rapidly propagated the electrically transmitted
action potentials. Propagation of action potentials depends on the number of ter-
minal pacemaker cells, on the GCaL conductance of the cells, and on the electric
coupling between the cells.
Adapted from:Kusters J.M.A.M., van Meerwijk W.P.M., Ypey D.L., Theuvenet A.P.R. and Gie-
len C.C.A.M., Am. J. Physiol. Cell Physiol., in press 2008
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Our results show that the coupling between IP3-mediated calcium oscillations
and action potential firing provides a robust mechanism for fast propagation of
activity across a network of cells, which is representative for many other cell types
such as gastrointestinal cells, urethral cells and the heart.
4.1 Introduction
Intracellular calcium oscillations are very common and have been reported in a
large variety of cell types, such as smooth muscle cells (Savineau and Marthan,
2000), hepatocytes (Woods et al., 1986), oocytes (Cuthbertson and Cobbold, 1985),
normal rat kidney fibroblast cells (Harks, 2003) and pancreatic acinar cells (Fog-
arty et al., 2000; Nathanson et al., 1992). In these cell types the cytosolic calcium
transients are evoked by inositol 1,4,5-triphosphate (IP3)-linked agonist stimula-
tion: after interacting with cell-surface receptors, agonists activate phospholipase C
(PLC) and induce the release of IP3. IP3 then triggers calcium release from intra-
cellular stores through IP3-sensitive calcium release channels in the ER membrane
(Minneman, 1988). Calcium liberation from the endoplasmic reticulum (ER) can
also be activated by cytosolic calcium in the presence of IP3. In our model, the main
mechanism of calcium induced calcium release (CICR) is the opening of the IP3-
receptor (but other release mechanisms of intracellular calcium may do as well).
In the cell types mentioned above, the cells are connected by gap junctions,
allowing diffusion of IP3 and calcium. Since both IP3 and calcium facilitate intra-
cellular calcium oscillations, diffusion of calcium and IP3 through the gap junctions
provides an effective way for synchronization of intracellular calcium oscillations
in neighboring cells and for propagation of waves of intracellular calcium oscil-
lations through the network (see e.g. Sneyd et al., 1995; Ho¨fer et al., 2001, 2002;
Falcke, 2004). The propagation of calcium waves through the network has been
the topic of many studies, but the cellular mechanisms involved in the propagation
of calcium oscillations can be very different. Most studies refer to the propagation
of calcium waves in non-excitable cells with intracellular IP3-mediated calcium
oscillations, where cells are coupled by diffusion of IP3 and calcium through gap
junctions (see e.g. Freiesleben de Blasio et al., 2004; Ho¨fer et al., 2001, 2002;
Tsaneva-Atanasova et al., 2005). In our study we will ignore calcium and IP3 dif-
fusion for good reasons which will be explained in the Discussion section.
At the other hand, there is propagation of electrical activity in networks of
cells electrically coupled by gap junctions, such as in the ventricular myocardium
(Joyner et al., 1983, 1984; Joyner and van Capelle, 1986; Keener, 1991; Henriquez
and Plonsey, 1987; Henriquez et al., 2001). In these cell networks propagation of
electrical activity is the result of depolarization of a cell by action potential firing
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of its neighbor. For adequate gap-junctional coupling, an action potential causes a
depolarization in neighboring cells, which opens their membrane channels and so
triggers an action potential.
Some recent studies have focused on cell types which have both IP3-mediated
calcium oscillations (CaOs) and action potentials, such as in interstitial cells of Ca-
jal (Cousins et al., 2003), sinoatrial nodal cells in the heart (Verheijck et al., 1998),
lymphatic smooth muscle cells (Imtiaz et al., 2006) and in NRK fibroblasts (Kusters
et al., 2005). These cell types have the interesting property that the mechanisms of
IP3-mediated calcium oscillation and action potential generation are coupled, and
interact with each other (Kusters et al., 2007). An action potential can trigger a
calcium transient since inflow of calcium during an action potential causes CICR.
In the other direction, the increase of cytosolic calcium due to release of calcium
through the IP3-receptor opens calcium-dependent channels in the membrane (such
as for example the calcium-dependent Chloride channels with a Nernst potential
near -20 mV), causing a depolarization. This depolarization may then trigger an
action potential (Kusters et al., 2005; De Roos et al., 1997b). Since electrical cou-
pling through gap junctions is faster than chemical coupling by diffusion of calcium
and IP3 through gap junctions (Rohr, 2004; De Roos et al., 1997b), the intracellular
calcium oscillations between cells are indirectly coupled by the electrical coupling
by gap junctions.
Because of the positive interaction between the IP3-mediated calcium oscilla-
tor and membrane depolarization, excitable cells with IP3-mediated calcium os-
cillations may be very robust pacemakers for propagating activity in the network
(Van Helden and Imtiaz, 2003). Recently, Imtiaz et al. (2006) have investigated the
various coupling modes of two cells with different amounts of IP3 and, therefore,
different intrinsic oscillation frequencies. These authors showed that the chemical
and electrical coupling by gap junctions can cause anti-phase or in-phase oscil-
lations of the cell pair, depending on the amount of IP3. Moreover, these authors
showed that weak coupling (small conductance of the gap junction) is sufficient to
synchronize heterogeneous cell pairs.
Following up on the study by Imtiaz et al. (2006) on a pair of cells, we have
investigated the initiation and propagation of activity in a network with excitable
cells with IP3-mediated calcium oscillators by gap junctional coupling. Imtiaz et al.
(2006) have shown that a pacemaker cell can drive the calcium oscillations in a
neighboring cell with a lower IP3 concentration and a correspondingly lower in-
trinsic oscillation frequency. The question that we will address is: is what happens
when more cells with a low IP3 concentration are coupled to this single pacemaker.
And what happens if a pacemaker is coupled to cells which do not have an intrinsic
oscillation frequency, because the IP3-concentration is too small? If that number of
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coupled follower cells increases, the current from the pacemaker cell to the follower
cells will spread through the whole network. When the gap-junctional conductance
is very small, the current might be too small to depolarize the neighboring cells.
However, when the gap-junctional conductance is very large, current will spread
throughout the network and, if the network is large, the net current into a neighbor-
ing cell may also be too small to depolarize the cell. Therefore, in agreement with
previous studies on excitable cells without intracellular calcium oscillations (Rohr,
2004), we expect an optimal range of gap-junctional conductances for initiation
and propagation of activity in the network. Because of the positive, reinforcing
coupling between the intracellular calcium oscillator and the membrane depolar-
ization, we hypothesize that propagation is more robust in excitable cells with both
mechanisms compared to cells that lack one of the two.
We addressed these problems using an experimentally verified model for NRK
fibroblast cells (Kusters et al., 2005). Contrary to Imtiaz et al. (2006) we did not
include voltage-dependent IP3 synthesis. The coupling between cells in our study
is by electrical current through the gap junctions. In each individual cell, the elec-
trical phenomena are coupled to the intracellular calcium oscillators by the cal-
cium inflow through the L-type Ca-channels and by calcium inflow through the
IP3-receptor. In the discussion we will evaluate the consequences of this simplifi-
cation on the propagation of activity.
4.2 Model description
The autonomous cell oscillator
We used a model of the NRK cell by (Kusters et al., 2005) to describe the dynamics
of the cell which involves two major components: an IP3-mediated intracellular
calcium oscillator and an electrically excitable membrane. Here we describe the
main properties of the NRK cell. For more details, we refer to (Kusters et al., 2005).
Calcium in the cytosol plays a key role in coupling the dynamics of the IP3-
mediated calcium oscillator and the cell membrane (Kusters et al., 2007). The rate
of change in the membrane potential due to the currents through inwardly rectifying
potassium channels (IKir), L-type Ca-channels (ICaL), Ca-dependent Cl-channels
(ICl(Ca)), leak channels (Ilk), and store dependent calcium (SDC)-channels (ISDC) is
given by
Cm
dVm
dt
=−(IKir+ Ilk+ ICaL+ ICl(Ca) + ISDC). (A.1)
IKir and Ilk determine the membrane potential of the cell at rest near -70 mV and
are specified by Equations A.2-A.6 in the Appendix.
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In NRK cells, the crucial coupling between electrical events at the excitable
membrane and the internal calcium oscillations is controlled by the L-type Ca-
channel and the calcium-dependent chloride channel. The current through the L-
type Ca-channels is given by
ICaL = mhGCaL (Vm−ECaL) (A.7)
where Vm refers to the membrane potential and ECaL refers to the Nernst potential
of Ca2+ near 50 mV. The L-type Ca-channel has an activation (m), and inactivation
(h) variable. The dynamics of m and h obey a first order differential equation with
steady-state values m∞ and h∞ given by Eqs. A.8 and A.10, respectively, and with
time constants given by Eqs. A.9 and A.11.
The current through the Ca-dependent Cl-channel (Cl(Ca)) is given by
ICl(Ca) =
[Ca2+cyt ]
[Ca2+cyt ]+KCl(Ca)
GCl(Ca) (Vm−ECl(Ca)) (A.12)
In addition, the cell membrane has a store-dependent calcium channel (SDC).
The conductance of the SDC is inversely related to the calcium concentration in the
ER.
ISDC =
KSDC
[Ca2+
ER
]+KSDC
GSDC (Vm−ESDC). (A.13)
One of the mechanisms for calcium extrusion from the cytosol is the plasma
membrane calcium ATPase (PMCA) pump. The flux of Ca2+-ions through the
PMCA pump is described by
JPMCA = J
max
PMCA
[Ca2+cyt ]
[Ca2+cyt ]+KPMCA
. (A.16)
Any changes in the cytosolic calcium concentration [Ca2+] are due to buffering
of calcium (Eq. A.14), to a net flux of calcium through the plasma membrane (JPM,
Eq. A.15), and net fluxes through the ER membrane (Eq. A.18). The latter has a
constant leak of calcium JlkER (Eq. A.19), a flux through the IP3-receptor (JIP3R, Eq.
A.20) and active transport of calcium into the ER by the sarcoplasmic/endoplasmic
reticulum Ca-ATPase (SERCA) pump (JSERCA, Eq. A.24).
The intracellular calcium oscillator is controlled by the intracellular IP3 con-
centration which activates the IP3-receptor. The flux of Ca
2+-ions through the IP3-
channel is described by a Hodgkin-Huxley type formalism
JIP3R = f
3
∞w
3KIP3R ([Ca
2+
ER]− [Ca2+cyt ]) (A.20)
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with activation variable f and inactivation variable w with the steady state values
f∞ and w∞ given by Eqs. A.21 and A.22. The time constant for the activation pa-
rameter f is considered to be small relative to that of the other processes in the cell.
Therefore, we use f∞ instead of f. The time constant τw for the inactivation gate is
described by Eq. A.23. This results into periodic oscillations of calcium flow out of
the endoplasmic reticulum (ER) into the cytosol and calcium re-uptake in the ER
by activity of the SERCA pump. As suggested by (Dupont and Goldbeter, 1993),
the flux of Ca2+-ions through the SERCA pump is described by
JSERCA = J
max
SERCA
[Ca2+cyt ]
2
K2SERCA+[Ca
2+
cyt ]
2 . (A.24)
The elevated calcium concentration in the cytosol by opening of the IP3-receptor
activates the Ca-dependent Cl-channels (see Eq. A.12), which depolarize the cell
membrane to the Cl− Nernst potential near -20 mV. As explained by (Kusters et al.,
2005), this depolarization can open the L-type Ca-channels. Opening of the L-type
Ca-channels gives rise to a further increase in [Ca2+cyt ]. As a result an AP with a
plateau phase near -20 mV occurs. Calcium in the cytosol is reduced by re-uptake
of calcium in the ER by the SERCA and PMCA pump. When the calcium con-
centration in the cytosol has been restored to its basal level, the Ca-dependent Cl-
channels close and the membrane potential repolarizes to the rest potential near -70
mV.
Parameter modification
The full set of equations describing the dynamics and the parameter values of this
NRK-model can be found in (Kusters et al., 2005). In the present model study we
had to adjust some parameter values. When calcium in the external medium of
NRK cells is replaced by strontium, AP propagation in experiments is more robust
(De Roos et al., 1997b). The reason is, that strontium does not inactivate the L-
type Ca-channels as calcium does (Harks et al., 2003a). Since many experimental
data were obtained using strontium instead of calcium (De Roos et al., 1997b,c;
Harks et al., 2003a), we omitted the calcium-dependent inactivation factor vCa in
the model equation for the L-type Ca-channel. Another effect is that the current
through the L-type Ca-channel is much larger for strontium than for calcium, which
is why we have used a larger value for the L-type Ca-channel conductance GCaL
(1.6 nS instead of 0.7 nS).
Since the L-type Ca-channel, Ca-dependent Cl-channel and IP3-receptor are
important channels for AP propagation and since activation of these channels was
rather small in our old model (Kusters et al., 2005), we changed the following
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parameters: τh (time constant for inactivation of the L-type Ca-channel) a factor 2
longer, τm (time constant for activation of the L-type Ca-channel) a factor 2 smaller,
the membrane potential for half-maximal activation of m∞ is set to−10 mV, KCl(Ca)
set to 18 µM, JPMCA set to 3×10−5 µmol/(s×dm2) and Glk set to 0.058 nS. These
changes lie within the range of values from experimental observations. The kon and
ko f f parameters of the buffer are set to 1. Table 1 shows the modified parameter
values.
Electrical coupling through gap junctions
Many fibroblastic cell types in culture, including NRK cells, are electrically cou-
pled by gap-junctional channels, e.g. composed of connexin43 (Cx43) subunits
with a typical conductance between the cell and its surrounding network near 20 nS
(Harks et al., 2001). The monolayer of NRK-cells can be approximated by a hexag-
onal grid (Torres et al., 2004). Therefore, the total gap-junctional conductance of 20
nS for a cell corresponds to a gap-junctional conductance Gg between two neigh-
boring cells of 20/6∼ 3 nS, which is in agreement with other experimental data for
gap junction coupling between cells where Cx43 subunits are involved (Bukauskas
et al., 2002; Tong et al., 2006).
The electrical current flowing through the gap junctions between cell i and other
cells in the network was incorporated by an extra term at the right-hand side of Eq.
A.1, which resulted in
Cm
dV im
dt
= −(IiKir+ Iilk+ IiCaL+ IiCl(Ca) + IiSOC+ ∑
j ε neighbor i
Ii jgap (4.1)
Ii jgap = Gg(V
i
m−V jm), (4.2)
where Gg is the conductance of the gap-junction coupling between neighboring
cells i and j.
We modeled the AP propagation by electrical coupling of a single pacemaker
cell to surrounding follower cells in a one-dimensional strand (cable). Our aim is
to understand the electrical load upon the single pacemaker cell due to coupling
to surrounding cells. Fig. 4.1A shows the equivalent electrical circuit for the pas-
sive electrical properties of a one-dimensional strand of follower cells driven by a
pacemaker cell (”P”). Each follower cell is represented by a capacitance C and re-
sistance Rf and cells are coupled by the gap-junctional resistance Rg. This passive
model is a good approximation as long as the membrane potential does not reach
the threshold for action potential firing.
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Figure 4.1: A schematic overview of the electrical circuit for a one-dimensional
network, where a pacemaker cell (”P”) is coupled by a resistance Rg to n follower
cells. Each follower cell is represented by a capacitance C and resistance R f and is
coupled to its neighbors by gap junctions with a resistance Rg. Fig. 4.1B shows the
expansion of a network with n follower cells with an extra follower cell.
Expanding a network of n follower cells with an additional follower cell (Fig.
4.1B) gives a relation between Zn and Zn+1, where Zn and Zn+1 represent the equiv-
CHAPTER 4. FAST CALCIUM WAVE PROPAGATION IN A STRAND OF CELLS 87
alent impedance for an array with n and n+1 follower cells, respectively. This rela-
tion is given by
Zn+1(ω) =
Zcell(ω) (Rg+Zn(ω))
Rg+Zn(ω)+Zcell(ω)
, (4.3)
where Zcell(ω) is the impedance of a follower cell in the frequency domain, given
by
Zcell(ω) =
Rf
1+ω2τ2f
− i R fωτ f
1+ω2τ2f
, (4.4)
with capacitance (C), resistance (Rf ) and the characteristic time constant τ f = RfC.
The equivalent resistance of an infinitely long one-dimensional strand can be cal-
culated by setting Zn+1(ω) = Zn(ω), which gives
Z∞ =
−Rg+
√
(R2g+4Zcell(ω)Rg)
2
. (4.5)
For an infinitely large strand of cells the net current to the first follower cell
(see Fig. 4.1C) is given by
Icell =Vp
Z∞
Z∞Zcell+(Z∞+Zcell)(Rg+Zp)
(4.6)
=Vp
−Rg+
√
(R2g+4Zcell(ω)Rg)
−Rg+
√
(R2g+4Zcell(ω)Rg)Zcell+(−Rg+
√
(R2g+4Zcell(ω)Rg)+2Zcell)(Rg+Zp)
From Eqs. 4.5-4.6 it is easy to see that Icell becomes zero for infinitely small values
of Rg (Rg ↓ 0 ⇒ Z∞ → 0 ⇒ Icell = 0 ). Eq. 4.6 shows that Icell = 0 for large values
of Rg (Rg ↑ ∞, Icell = 0). The optimal value of Rg is found by solving
δ Icell
δRg = 0.
For the parameter values in our study the optimal value for Rg is about 2.0 GOhm
(Gg = 0.5 nS).
4.3 Results
Phase response curves for current pulse and calcium pulse
Understanding the response of a single cell to a current pulse or injection of cal-
cium ions is helpful to understand the interaction between two cells (Ypey et al.,
1982). Current and calcium perturbations allow us to determine the Phase Response
Curve (PRC), which gives the phase shift (∆φ ) of the action potential or calcium
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oscillator of a NRK pacemaker cell with intrinsic cycle length (T) as a function of
the phase (φ ) at which the external input is given. When a current pulse of sufficient
amplitude is injected into a cell, the elevated membrane potential results in opening
of the L-type Ca-channels and , possibly, into action potential firing. The inflow of
calcium causes calcium-induced calcium release through the IP3-receptor channel
and gives rise to a phase advance of the IP3-mediated calcium oscillator. At the
other hand, a calcium injection gives rise to a phase advance of the IP3-mediated
calcium oscillator and corresponding Ca2+ transient. The resulting depolarization
by the Ca-dependent Cl−-channels then leads to advanced appearance of the next
action potential (AP).
The phase response curve (PRC) is measured by delivering a precisely timed
perturbation and measuring the change in the running cycle duration. The upstroke
of the preceding pacemaker action potential is chosen as the reference point (phase
zero), since it is very sharp compared to the onset of calcium oscillations (CaOs).
Moreover, CaOs change in shape and size. Phase φ is defined by φ = tp/T , where
tp is the time when the stimulus is applied, relative to the reference point, and ∆φ
is defined as (T −Tnew)/T where Tnew is the time of occurrence of the following
action potential or calcium transient relative to the reference point, i.e. the new
cycle length. The PRC quantifies the effect of an input pulse at a given phase on the
occurrence of the following action potential or calcium transient. If an input pulse
does not affect the next AP or calcium transient, T is unchanged and the phase
change ∆φ at that point of the curve is zero. If the input pulse delays the next AP
or calcium transient, Tnew > T and the phase change ∆φ has a negative value (not
observed in our simulations). If the pulse advances the next AP, Tnew < T and ∆φ
is positive.
Fig. 4.2 shows PRCs (lower panels) generated by injecting a depolarizing cur-
rent pulse with a 50 ms duration of 10, 15 and 20 pA (A) and a calcium pulse
associated with a calcium current injection of 1, 2 and 5 pA for 50 ms (B). The
top three subpanels in Fig. 4.2 show an example of the effect of current (15 pA in
panels A) and calcium pulses (1 pA in panels B) on the phase advance of the AP
and CaO, respectively, (dashed lines) and the unperturbed response (solid lines).
The lower panels of A and B show the phase change of the IP3-mediated calcium
oscillator as a function of the timing of the current pulse in the cycle of the calcium
oscillator. The lower-left panel shows that a current pulse of 10 pA has no effect on
the IP3-mediated calcium oscillator irrespective of the phase in the action potential
cycle (thick solid line). Depolarizing current pulses of 15 pA (dashed-dotted line)
and 20 pA (thin solid line) injected at phase φ > 0.2 trigger the next calcium tran-
sient almost immediately via an evoked action potential. Injection at phase φ < 0.1
has no effect on the next calcium transient, because this period includes the action
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Current pulse Calcium pulse
A B
Figure 4.2: Phase response curves of a single cell to depolarizing current pulses of
10, 15 and 20 pA and 50 ms duration (A) and to calcium pulses associated with
a calcium current injection of 1, 2 and 5 pA of 50 ms duration (B). The top three
subpanels in Fig. 4.2 show an example of the effect of current (15 pA in panels A)
and calcium pulses (1 pA in panels B) on the phase advance of the AP and CaO
(dashed lines). Solid lines show the AP and CaO without perturbation. The lower
panels of A and B show the phase change of the IP3-mediated calcium oscillator as
a function of the timing of the current pulse and calcium pulse, respectively. The
lower left panel show the phase change as a function of phase to a current pulse
of 10 pA (thick solid line), 15 pA (dashed-dotted line) and 20 pA (thin solid line).
The lower right panel shows the phase change as a function of phase to a calcium
pulse of 1 pA (thick solid line), 2 pA (dashed-dotted line) and 5 pA (thin solid line).
The dashed lines are linear interpolations between PRC-values calculated at steps
of 0.1.
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potential and its refractory period (see Fig. 4.2A). Note, that these current injec-
tions are smaller than the current inflow in the cell by the membrane during an
action potential, which is about 25 pA.
Fig. 4.2B shows the phase change of the AP as a function of the phase of the
calcium pulse. The figure shows that the phase of the AP does not change for cal-
cium pulses of 1 (thick solid line), 2 (dashed-dotted line) and 5 (thin solid line) pA
at phases φ < 0.6, φ < 0.4 and φ < 0.3, respectively. The phase is maximally ad-
vanced for φ > 0.7, φ > 0.5 and φ > 0.4, respectively, when triggered by calcium
pulses of 5,2 and 1 pA, respectively. These calcium injections are small relative to
the total inflow of calcium from the ER during a calcium transient (approximately
35 ×10−6 µmol) and through the membrane during an action potential (approxi-
mately 100 ×10−6 µmol).
The dashed lines plotted in the lower panels in Fig. 4.2 do not exactly represent
the transitions of the phase changes, but represent interpolations between subse-
quent points of the PRC curves for steps of 0.1. The PRC’s in Fig. 4.2 show that an
intracellular calcium oscillation and an action potential are both capable of trigger-
ing an action potential or calcium transient, respectively, except when they occur
shortly after a preceding action potential.
Entrainment of Ca-oscillations of two cells by electrical coupling
Since IP3-mediated calcium oscillations and action potential generation within a
cell are tightly coupled processes (Fig 4.2), electrical coupling between cells by
gap junctions provides an indirect (electrical) coupling mechanism between IP3-
mediated calcium oscillations in two neighboring cells. In order to investigate the
role of gap junctions in the coupling of IP3-mediated calcium oscillations of two
neighboring cells, we have investigated the entrainment of two pacemaker cells
with different intrinsic frequencies (due to different IP3 concentrations) as a func-
tion of gap-junctional conductance.
Fig. 4.3 shows the major family of entrainment regions, commonly called Arnold
tongues (Pikovsky et al., 2003) (solid lines), as a function of the electrical coupling
Gg. Notice that the vertical scale is in pS. The entrainment regions are labeled by the
ratio of the frequencies of the CaOs of both cells ( f2([IP3(cell2)]) / f1([IP3(cell1)])).
The IP3 concentration of cell 1 is set to a value of 1.0 µM (this value causes CaOs
at intermediate frequencies ( f1 = 1/100 Hz)), while the IP3 concentration of cell 2
is varied in steps of 0.005 µM at a rate of one step per 9000 seconds from 0.0 µM
to 8.0 µM.
When two pacemaker cells are uncoupled (Gg = 0), the cells can only have
(subharmonic) m/n frequency entrainment when the frequencies f1 of cell 1 and f2
of cell 2 are related by m f1 = n f2 (n and m integers). When the gap-junctional
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Figure 4.3: The Arnold tongues for two heterogeneous coupled cells as a function
of the gap junction coupling conductance Gg. The IP3 concentration of cell 1 is
set to a value of 1.0 µM, while the IP3 concentration of the second cell is varied
in steps of 0.005 µM at a rate of one step per 9000 seconds from 0.0 µM to 8.0
µM. Figure 4 shows only the regions for the major entrainment ratio’s (1:2 (dotted
pattern), 2:3 (oblique lines), 1:1 (white), 4:3 (squared pattern) and 3:2 (grey)).
conductance Gg increases in small steps, various modes of entrainment develop be-
fore complete synchrony (1:1 entrainment) is established. The value of Gg, where
1:1 entrainment develops depends on the difference of the oscillation frequencies of
the two cells in the uncoupled mode. The regions, where entrainment takes place,
are related by the relation 0 ≤ | m f1 - n f2 | < ε(Gg,m,n), where ε increases
for larger values of Gg. Figure 4.3 shows only the regions for the major entrain-
ment ratio’s for f2: f1 (1:2, 2:3, 1:1, 4:3 and 3:2), but in between there are many,
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much smaller, regions with other ratios of m:n entrainment. The regions for various
modes of entrainment grow with Gg and merge until a value of Gg is reached which
gives 1:1 entrainment for all frequencies. For example, when we start at Gg = 35 pS
and [IP3] = 0.4 µM for cell 2 (corresponding to an intrinsic oscillation frequency
f2 = 1/190 Hz for the cell in isolation), simulations reveal that this cell exhibits
calcium transients at half the frequency of the CaOs in cell 1. For increasing values
of [IP3] in cell 2 at Gg = 35 pS (horizontal dashed line), the following major en-
trainment regions are observed, 1:2, 2:3, 1:1, 4:3 and 3:2, respectively. In between
there are many, much smaller regions with other ratios of m:n entrainment.
Fig. 4.3 predicts that electrical coupling near 60 pS or higher between two cells
with one cell having an IP3 concentration of 1.0 µM is sufficient to completely
synchronize two heterogeneous NRK cells, irrespective of the IP3 concentration in
the second cell. In this range (for gap-junctional conductance values above approx-
imately 60 pS) the cell with the lowest oscillation frequency locks to the cell with
the highest oscillation frequency. Therefore, in the 1:1 entrainment region left from
the ratio f2/ f1 = 1.0, the frequency of the CaOs is determined by the reference
frequency f1 and on the right side by the variable frequency f2.
From the results shown in Fig. 4.3 we infer that under conditions of a physio-
logical gap-junctional coupling strength of 3 nS between NRK cells (Harks et al.,
2001), the intracellular CaOs and APs of two oscillating NRK cells are fully syn-
chronized. The fact that the fastest frequency always determines the synchronized
frequency indicates that both calcium oscillators synchronize by phase resetting AP
effects and not by continuous interaction (Ypey et al., 1982)
Synchronization of cells in a strand by electrical coupling
To explore the excitation of follower cells by pacemaker cells, we have studied
entrainment of a strand of follower cells by a terminal pacemaker cell.
Since gap junctions allow diffusion of IP3, and because follower cells may be
subject to stimulation of subthreshold IP3 production, we assumed nonzero concen-
trations of IP3 in the follower cells. For most simulations in this study, the follower
cells have an IP3 concentration of 0.1 µM, which does not give rise to spontaneous
Ca-oscillations. For the pacemaker cell we chose an IP3 concentration of 1.0 µM,
which causes spontaneous calcium transients and APs (Kusters et al., 2005).
Fig. 4.4 shows the results of such an entrainment simulation. The solid and
dashed lines demarcate different entrainment regions for a one-dimensional strand
of follower cells with [IP3] = 0.1 and 0.0 µM, respectively, by a single terminal
pacemaker cell ([IP3] = 1.0 µM) as a function of the number of cells and gap-
junctional conductance (Gg). Fig. 4.4 shows that the mode of entrainment depends
both on the number of follower cells in the strand as well as on gap-junctional con-
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Figure 4.4: The entrainment areas for a one-dimensional network with one termi-
nal pacemaker cell (IP3 concentration 1.0 µM) and follower cells (solid lines for
IP3 concentration 0.1 and dashed lines for 0.0 µM, respectively) as a function of
number of cells () and gap junction coupling (Gg).
ductance. For a single pacemaker cell and one follower cell ([IP3] = 0.1 µM), the
minimal gap-junctional conductance for full 1:1 entrainment is approximately 0.06
nS. Increasing the number of cells for a fixed value for Gg at 0.1 nS, changes the
1:1 entrainment to 1:2 entrainment for 3 cells, to 1:4 entrainment for 4 cells. For 5
or more cells no synchronization takes place anymore when Gg = 0.1 nS. Coupling
in the range between 0.25 nS and 0.45 nS is sufficient for complete 1:1 synchro-
nization of CaOs and APs in a one-dimensional network of NRK cells with this IP3
level, independent of the network size. If the IP3 concentration in the follower cells
is set to 0.0 µM, the same results are obtained for these small values of Gg (dashed
lines, super imposed on solid lines). Notice that experimental observations (Harks
et al., 2001) report a gap-junctional conductance for NRK cells of 3 nS, which is
much larger than the optimal coupling range in our simulations (0.25-0.45 nS). We
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will come back to this in the Discussion section.
The entrainment regions are different for a strand of follower cells with IP3
concentration of 0.1 µM (solid lines) and for a strand with cells set to 0 µM (dashed
lines) for Gg values above 0.4 nS. For [IP3] = 0.1 µM in the follower cells the
entrainment changes from 1:2 to 1:3 and 1:4 for increasing values of Gg when the
number of follower cells is larger than approximately 20 (solid line). For [IP3] =
0, the IP3-receptor in the follower cell is closed and AP transmission fails for Gg
above 0.8 nS when the number of cells exceeds 30 cells (grey area). Simulations
reveal that the area marked with diagonal lines is where the entrainment is 1:3. The
range of Gg values which allows 1:1 synchronization for a large number of cells is
from about 0.25 to 0.4 nS.
These results demonstrate that small concentrations of IP3, which do not elicit
spontaneous calcium oscillations, support synchronization of activity in networks
of cells. For this reason we used in this study an IP3 concentration of 0.1 µM for
the follower cells to further investigate the interaction between IP3-mediated Ca-
oscillations and action potentials.
Summarizing, to completely synchronize a pacemaker and a single follower
cell, a gap-junctional conductance near 0.06 nS is sufficient (Fig. 4.4), whereas for
an infinitely long strand of cells the conductance must be in the range between 0.25
and 0.45 nS (Fig. 4.4). An explanation will be given below.
The current from the pacemaker cell through the gap junctions to the follower
cells is given by Ii jgap = Gg(V
i
m−V jm) (Eq. 4.2). Increasing the electrical coupling
(Gg) increases the leak of current from the pacemaker cell to its neighbor cells.
If the net current to a follower cell is large enough and fast enough, the membrane
potential might approach the threshold value near−40 mV for L-type Ca-channels.
If that happens, the L-type Ca-channels open, causing an action potential and an
inward current of Ca-ions. The increase of calcium in the cytosol activates the IP3
receptor, leading to a calcium transient.
An opposite effect of increasing the electrical coupling is that it decreases the
equivalent impedance of the network. Since the equivalent impedance Z∞ for an in-
finitely large strand of follower cells decreases for increasing values ofGg (
δZ∞
δRg > 0
for all Rg; see Eq. 4.5), decreasing Rg (increasing Gg) implies a smaller value for
Z∞. If the equivalent impedance of the network decreases, the available current
from the pacemaker cell spreads to a larger number of follower cells in the net-
work, which makes it harder for the pacemaker cell to depolarize its neighboring
follower cell to the threshold of the L-type Ca-channels for generation of an AP. In
other words, a larger gap-junction conductance leads to a decrease in the effective
impedance and to a smaller net current from the pacemaker cell to its neighboring
follower cell, which explains the shift from 1:1 to 1:2 entrainment for strong cou-
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pling (Gg > 0.45 nS) in Fig. 4.4 and to 1:4 entrainment forGg > 1.0 nS for network
sizes in the range of 20 cells and more.
In conclusion, small coupling conductances prohibit a sufficiently large current
from the pacemaker to the follower cell to reach the membrane threshold for exci-
tation. For a large conductance the threshold for action potential generation cannot
be reached since a large part of the current from the pacemaker to its neighboring
follower cell flows to other follower cells, limiting the net current from pacemaker
to its neighbor follower cell.
Entrainment of and propagation in a strand of electrically well coupled
NRK cells
FAILING AP TRANSMISSION DURING STRAND ENTRAINMENT Fig.4.5 shows the
results of a simulation of the membrane potential behavior of a pacemaker cell in
isolation (panel A, thick solid line) and that of a pacemaker cell (panel B, thick
solid line) coupled to 100 follower cells (thin solid lines) in a strand with a gap-
junctional conductance (Gg) of 3 nS. Note that this value for Gg is much larger than
the values of Gg in Figure 4.4. For Gg = 3 ns, the entrainment for a network of 20
cells or less is 1:1 and is 1:4 when the number of cells exceeds 30.
IP3 concentrations are set to 1.0 µM and 0.1 µM for the pacemaker and fol-
lower cells, respectively. As shown in Fig. 4.4 this situation corresponds to 1:1 for
a small number of follower cells (n < 17) and corresponds to 1:4 entrainment for
n>20. This means that one out of every four calcium transients and APs generated
by the pacemaker cell results into AP and calcium transients in the strand of fol-
lower cells. Fig. 4.5B shows an example where propagation does not take place.
Fig. 4.6 shows a case where propagation does occur.
In Fig. 4.5A the uncoupled pacemaker cell (thick solid line) has an AP with a
peak voltage near +10 mV, followed by a plateau phase near -20 mV. The AP is
triggered by Ca2+ release from the ER store through the IP3-receptor (E). The in-
creased cytoplasmic Ca-concentration (C) causes depolarization of the cell by acti-
vation of the Ca-dependent Cl-channels. This depolarization to the Nernst potential
of the Ca-dependent Cl-channels near -20 mV activates the L-type Ca-channel (G,
I), which leads to a further increase in [Ca2+cyt ] (C).
The panels in the right hand column of Fig. 4.5 show the results when the
pacemaker is coupled to 100 follower cells. Comparing the panels in the left and
right column reveals some important differences between the results for an un-
coupled pacemaker cell and for a pacemaker cell coupled to a strand of follower
cells. The main difference relates to the slow and small increase of cytosolic cal-
cium concentration in the pacemaker cell (panels C versus D, thick solid line) and
the corresponding slow and small depolarization of the membrane potential (com-
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Figure 4.5: The membrane potential (panels A and B), cytosolic calcium concen-
tration [Ca2+cyt ] (panels C and D), the calcium flow through the IP3-receptor (panels
E and F), the calcium flow through the L-type Ca-channels (panels G and H) and its
fraction of open activation (m, thick dashed-dotted line) and inactivation (h, thick
solid line) gates (panels I and J) for an isolated pacemaker cell (thick solid lines,
left panels) and for a pacemaker cell (thick solid lines, right panels) coupled to 100
follower cells (thin solid lines). The fraction of open activation (f) and inactivation
(w) gates of the IP3-receptor for a pacemaker cell (f, thick dashed-dotted line and
w, thick solid line) coupled to 100 follower cells (f, thin dashed-dotted line and w,
thin solid line, with Gg = 3 nS) are shown in panel L. ddt [Ca
2+]IP3 and
d
dt [Ca
2+]CaL
represent the change in calcium concentration due to calcium inflow through the
IP3-receptor and L-type Ca-channel, respectively. These are calculated by the fol-
lowing equations
JIP3
xAER
Volcyt
and
JCaLxAcyt
Volcyt
. The rapid increase of [Ca2+cyt ] in panels C
and D is mainly due to the calcium flux through the the IP3-receptor and L-type
Ca-channels, shown in panels E,F and G,H, respectively.
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pare panels A and B) in the coupled situation for the pacemaker cell. Coupling
the pacemaker cell to its neighboring follower cells by gap junctions causes the
current from the pacemaker cell to leak away to the follower cells. As a result, de-
polarization of the membrane potential of the pacemaker cell by the Ca-dependent
Cl-channels reaches a lower peak value (panel B) and the level of activation of the
L-type Ca-channels of the pacemaker cell is not as high as in the case of the iso-
lated pacemaker cell. This becomes clear by comparing the data in panels I and J,
which show the activation gate (m, thick dashed-dotted line) and inactivation gate
(h, thick solid line) for the uncoupled and coupled situation, respectively. For the
uncoupled pacemaker cell the m gates open (panel I), which does not happen for
the coupled pacemaker cell (panel J) leading to AP failure in the strand
As a consequence of the small activation of the L-type Ca-channels in the cou-
pled pacemaker cell there is hardly any calcium inflow through the L-type Ca-
channels into the cytosol (compare panel G with panel H and notice the different
scales of the vertical axes). This also affects the boosting CICR by activation of the
IP3-receptor, because the smaller inflow of calcium through the L-type Ca-channel
weakens CICR and results into a slower and smaller calcium flow through the IP3-
receptor (compare panels E and F) for the coupled pacemaker.
For the isolated pacemaker cell the fraction of open activation gates (f, thick
dashed-dotted line) increases rapidly followed by a slow closure of the inactivation
gates (w, thick solid line in panel K). When the pacemaker is coupled to a strand
of 100 follower cells the fraction of open activation gates does not reach as high
values as for the isolated pacemaker (compare thick dashed -dotted lines in panels
K and L).
Notice that the fraction of open inactivation gates (w) is near 0.4 for the fol-
lower cells (thin solid lines in panel L, which all superimpose). The gate is not yet
completely de-inactivated after the previous action potential, which has implica-
tions for the propagation of the AP as we will show when we compare Figs. 4.5
and 4.6.
In summary, when the pacemaker cell is coupled to a linear strand of follower
cells, the membrane potential of the pacemaker cell increases much more slowly
than in the uncoupled case, and does not reach as high values during the plateau
phase due to the decreased flux of Ca-ions through the L-type Ca-channels and
IP3-receptor of the pacemaker cell. The depolarization of the follower cells due to
electrical coupling activates the L-type Ca-channels in the follower cells only to a
very small extent (panel J) and causes only a very small inflow of Ca-ions (panel H).
This inflow is too small to induce a significant Ca2+-induced Ca2+ release through
the IP3-receptor in the follower cells (thin solid line in panel F), because w is not
yet sufficiently de-inactivated. As a consequence, a single pacemaker cell is not
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Figure 4.6: The membrane potential (A), cytosolic calcium concentration [Ca2+cyt ]
(B), the calcium flow through the IP3-receptor (C), the calcium flow through the
L-type Ca-channel (D) and the fraction of open activation (m) and inactivation
(h) gates (E) for a pacemaker cell (thick solid lines) coupled to (Gg = 3 nS) 100
follower cells (thin solid lines). The fraction of open activation (f) and inactivation
(w) gates of the IP3-receptor for a pacemaker cell (f, thick dashed-dotted line and
w, thick solid line) coupled to 100 follower cells (f, thin dashed-dotted lines and w,
thin solid lines) are shown in F.
powerful enough to supply 1:1 entrainment between AP propagation and CaOs in
a strand of NRK cells with [IP3] = 0.1 µM.
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ENTRAINED AP TRANSMISSION Fig. 4.6 shows the propagation of activity for a
pacemaker cell coupled to 100 follower cells with a gap-junctional conductance
(Gg) of 3 nS when the pacemaker cell succeeds in triggering AP propagation in the
follower cells. In Fig. 4.6A the coupled pacemaker cell (thick solid line) depolarizes
to -20 mV. This depolarization is triggered by Ca2+ release from the store through
the IP3-receptor (C). The increased cytoplasmic Ca-concentration causes depolar-
ization of the cell by activation of the Ca-dependent Cl-channels. Note that the rise
of the membrane potential for the pacemaker cell and its neighboring follower cells
is much slower than that for distant follower cells. This causes a gradual start of the
inactivation of the L-type Ca-channel (decreasing h , solid lines in Fig. 4.6E) before
activation m increases (dashed-dotted lines in 4.6E). Since the activation m in the
pacemaker cell hardly increases above the value zero (thick dashed-dotted line in
4.6E), the L-type Ca-channels in the pacemaker cell hardly open (D). For more dis-
tant follower cells, the rise of the membrane potential is much faster and activation
m of the L-type Ca-channel increases rapidly, resulting in an action potential.
The depolarization of the pacemaker cell to the Nernst potential of the Ca-
dependent Cl-channels near -20 mV activates the L-type Ca-channels in the neigh-
boring follower cell slightly (hardly visible in D, see arrow), causing a small inflow
of Ca-ions. Although the inflow of calcium in the follower cells is small and hardly
visible in Fig. 4.6D, the fraction of open inactivation gates (w) of the IP3-receptor
(solid lines panel F) is large enough to allow a significant Ca2+-induced Ca2+ re-
lease (CICR) through the IP3-receptor (see arrow, Fig. 4.6C). Moreover, the cy-
tosolic Ca-concentration (B) due to small influx through the L-type Ca-channel (D)
and through the IP3-receptor (C) is large enough to cause full depolarization to the
Nernst potential of the Ca-dependent Cl-channels (A). The CICR through the IP3-
receptor in each follower cell reinforces the speed of their depolarization and, there-
fore, contributes to a better and stronger AP propagation in the one-dimensional
array of cells.
The fraction of open activation (f, thick dashed-dotted lines) and inactivation
(w) gates of the IP3-receptor for a pacemaker cell (w, thick solid line) coupled to
100 follower cells (w, thin solid lines) are shown in panel F. Notice that the fraction
of open w gates for the neighboring follower cells is a little higher than in Fig.
4.5K (thin solid lines). This is due to the small IP3 concentration of 0.1 µM (see
Eq. A.23), which gives a long time constant τw for de-inactivation. It takes about
300 seconds to re-open the inactivation gate w of the follower cells completely.
Since the pacemaker cell generates an AP every 90 seconds, the inactivation gate
(w) of the follower cells after a calcium transient has not recovered sufficiently at
the next action potential of the pacemaker cell. This is clear in Fig. 4.5F, where
the inactivation gates of the neighboring follower cell was 0.4, whereas it reaches
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values near 0.5 and 0.6 (thin solid lines) in Fig. 4.6F.
The main difference between Fig. 4.5 and Fig. 4.6 is that the inactivation gate
w (thin solid lines) of the IP3-receptor in the follower cells has recovered to higher
values in Fig. 4.6F than in Fig. 4.5K. Therefore, the relatively small inflow of Ca-
ions through the L-type Ca-channels is large enough to activate the IP3-receptor
by CICR in the first follower cell (see arrow, Fig. 4.6 panel C). The same occurs
in the other follower cells. The membrane potential exerts a positive feedback on
the Ca2+-oscillator through Ca2+ influx through L-type Ca-channels. On the other
hand, the release of calcium through the IP3-receptor exerts a positive feedback on
the depolarization of the membrane. As a result, AP propagation with underlying
CaOs is generated in the follower cells. This positive interaction between mem-
brane excitability and IP3 receptor explains why a small amount of IP3 in the cell
supports synchronization and propagation of activity in a network of cells.
We can understand the 1:4 entrainment of AP propagation (Figs. 4.5 and 4.6)
by having a closer look at the de-inactivation time constant τw for the w gate. The
time constant τw (Eq. 2.29) determines the time for de-inactivation (w) of the IP3-
receptor, which depends among other things on [IP3]. For low [IP3] values (near
0.1 µM) in the follower cells, the time constant τw of the inactivation gate w of the
IP3-receptor is long (in the order of 300 seconds). For high [IP3] near 1.0 µM in
the pacemaker cell, τw is shorter and about 90 seconds. Since the time constant τw
in the follower cells is long (about 300 s) relative to the time interval between APs
generated by the pacemaker cell (about 90 s), the de-inactivation of the IP3-receptor
in the follower cells has not yet recovered after an action potential and IP3-mediated
calcium oscillation when the pacemaker cell generates the next action potential.
This explains why 1:1 synchronization between pacemakers and followers is not
possible in this case and why synchronization becomes harder for smaller amounts
of IP3 in the cell.
Propagation in a strand of cells
We will now address the experimental observation that action potentials and CaOs
are propagated with a gap junctional conductance Gg which is much larger (3 nS)
than the predicted optimal gap junctional coupling range for synchronization of
a pacemaker to followers (range 0.25-0.4 nS in Fig. 4.4). We have to keep the
following in mind: if the gap junction conductance is very small, the current from
the pacemaker to the follower cell is too small to depolarize its neighbor cell rapidly
and to sufficiently high membrane potential. If the gap junction conductance is very
large, the pacemaker cell is not able to provide enough current for depolarization
of its neighboring cell, since most of the current flows through the network to other
cells.
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As we will show, robust AP propagation and excitation of follower cells in the
latter case can be achieved in the model in two ways: by increasing the conductance
of the L-type Ca-channels and by increasing the number of pacemaker cells.
The first solution is to increase the conductance GCaL of the L-type Ca-channel,
which is helpful for both the pacemaker and the follower cells. With increased val-
ues of GCaL, depolarization of the membrane potential of the pacemaker cell leads
to a larger current through the L-type Ca-channels and to more current through the
gap junctions. This generates a larger current from pacemaker to follower cells and
makes it easier to reach the threshold level for opening of L-type Ca-channels in the
follower cells. For follower cells a larger opening of their L-type Ca-channels leads
to better facilitation of CICR through the IP3-receptor. However, since it is known
that the maximal value for GCaL is close 1.6 nS (Harks et al., 2003b), it would not
be realistic to set GCaL to higher values than the value of 1.6 nS, used in this study.
The second solution is to increase the number of terminal pacemaker cells in
the one-dimensional network, which contributes to a larger current to the follower
cells. When enough pacemakers are placed in the network, 1:1 AP propagation is
observed. This is illustrated in Fig. 4.7, which shows the result of a simulation of
a coupled strand with three terminal pacemakers (IP3 = 1.0 µM) and 100 follower
cells (IP3 = 0.1 µM). The release of calcium from the ER to cytosol by the IP3-
receptor in the pacemaker cells (Fig. 4.7C) activates the Ca-dependent Cl-channels
causing a depolarization to -20 mV (Fig. 4.7A). This depolarization activates the
L-type Ca-channels (Fig. 4.7D). Note the delay of the fluxes through the L-type
Ca-channels (panel D) relative to the fluxes through the IP3-receptor (panel C). The
depolarization of the three pacemaker cells causes a depolarization of the follower
cells (panel A) and action potentials by activation of their L-type Ca-channels of
the followers(panel D). The three pacemakers cause 1:1 entrainment for the full
network with 100 followers.
Differences in pacemaker and follower cells
Comparison of the behavior of the pacemaker cells and the follower cells in Fig.
4.7 shows some important differences. The first difference to be mentioned is the
smaller peak of the AP in the pacemaker cells than in the follower cells (see Fig.
4.7A, compare thick solid lines with thin solid lines). In a pacemaker cell APs are
triggered by IP3-mediated intracellular CaOs, which open the Ca-dependent Cl-
channels raising the membrane potential of the pacemaker cell to the Cl-Nernst po-
tential near -20 mV. The smaller peak of the membrane potential in the pacemaker
cells is due to the smaller opening of the L-type Ca-channels in the pacemaker
cell (see Fig. 4.7D), which is a consequence of the slow increase of the membrane
potential in the pacemaker to the threshold value near −40 mV for the L-type Ca-
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Figure 4.7: The membrane potential (A), cytosolic calcium concentration [Ca2+cyt ]
(B), the calcium flow through the IP3-receptor channel (C) and the calcium flow
through the L-type Ca-channel (D) for a one-dimensional network with three pace-
maker cells (thick solid lines) coupled to 100 follower cells (thin solid lines). IP3
concentrations are set to 1.0 µM and 0.1 µM for the pacemaker and follower
cells,respectively.
channels, such that closure of the inactivation gates h has started before opening
of activation gates m could start. During this gradual increase of the membrane
potential the fraction of open inactivation gates (h) (see Eq. A.10) decreases and
L-type Ca-channels don’t open completely anymore. This becomes evident in the
fact that the inward calcium flow through the L-type Ca-channel (Figure 4.7D) is
approximately twice as small for pacemaker cells than for follower cells.
Fig. 4.7 illustrates that three pacemaker cells are able to initiate propagating
activity in a linear strand of follower cells, in which each has a small concentration
of IP3 ([IP3] = 0.1 µM) that assists in AP propagation through the network.
In Fig. 4.4 we showed that a single pacemaker could not induce propagating ac-
tivity in a linear strand with a large number of follower cells for large gap-junctional
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conductance. With three pacemakers 1:1 entrainment is obtained for gap-junctional
conductances Gg above 0.25 nS.
Minimal value for GCaL
As explained above, L-type Ca-channels are necessary for propagation of activity in
a network of NRK fibroblasts (De Roos et al., 1997c). Fig. 4.8 shows the simulation
results where we tried to find the minimum number of pacemaker cells as a function
of GCaL at a constant gap junction conductance of 3 nS. The minimal number of
pacemaker cells required for stable 1:1 propagation of APs in a linear array of
follower cells decreases for increasing GCaL. The data points of the simulations in
Fig. 4.8 reveal that no AP propagation is possible forGCaL below 1.45 nS. Therefore
in our model a critical minimal value for GCaL is necessary for AP propagation in a
network.
4.4 Discussion
The aim of this model study was to investigate how electrical coupling of excitable
cells with IP3-mediated calcium oscillations affects the initiation and propagation
of Ca-waves in a strand of cells. IP3-mediated calcium oscillations in two neighbor-
ing cells were coupled to the excitable membrane by cytosolic calcium as in Imtiaz
et al. (2006). Our general conclusion is that the interaction between IP3-mediated
calcium oscillations and action potentials in electrical coupled NRK cells provides
a mechanism for fast calcium wave propagation and synchronization, in which the
CICR component plays a significant supportive role.
The role of electrical coupling strength
Fig. 4.3 shows entrainment for two heterogeneous pacemaker cells, which display
full synchronization of intracellular CaOs for a coupling conductance (Gg) above
60 pS which is well in agreement with Imtiaz et al. (2006) who found that weak
electrical coupling is sufficient to synchronize heterogeneous cells of cell pairs.
This result explains that at the physiological gap-junctional coupling strength (3
nS) of NRK cells (Harks et al., 2003a), the intracellular CaOs and APs of two os-
cillating cells are completely synchronized in phase. In the study by Imtiaz et al.
(2006) it was reported that anti-phase behavior could occur for two weakly cou-
pled cells for high oscillation frequencies. This anti-phase coupling in their study is
the result of the time constants involved in voltage-dependent IP3 synthesis. Since
it takes some time before changes in membrane potential affect the production of
IP3, the effective coupling between cells by voltage-dependent IP3-production has
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Figure 4.8: The simulation results (open dots) for 1:1 synchronization and propaga-
tion of APs as a function of the conductance of the L-type Ca-channel (GCaL) and
number of pacemaker cells (#) for a constant gap junctional conductance of 3 nS.
No propagation takes place for GCaL < 1.4 nS whatever the number of pacemaker
cells.
a frequency-dependent delay. For low-frequency intracellular calcium oscillations,
(typically one cycle per minute or lower) this delay is small relative to the period of
the calcium oscillations, which results in in-phase behavior. For high-frequency in-
tracellular calcium oscillations (2 cycles per minute or higher) the period of calcium
oscillations is small relative to the time constant for production of IP3, resulting
in out-of-phase oscillations. In NRK cells, the highest oscillation frequencies are
near one cycle per minute, but in general the oscillation frequency is much lower.
Therefore, out-of-phase synchronization due to voltage-dependent IP3 production
does not happen in NRK cells and therefore, we did not include voltage-dependent
IP3-production.
Fig. 4.4 shows that synchronization of follower cells by a pacemaker cell is
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easier if the follower cells have a non-zero concentration of IP3, allowing calcium
transients by CICR. The CICR through the IP3-receptor in each follower cell rein-
forces the speed of their depolarization and, therefore, contributes to a better and
stronger AP propagation in the one-dimensional array of cells. Moreover, Fig. 4.4
shows that entrainment and synchronization is optimal for a coupling between 0.25
and 0.45 nS, whereby 1:1 propagation of APs in the network is facilitated.
However, the actual conductance of gap junctions between NRK cells is ap-
proximately 3 nS, which is much larger than the optimal coupling range that fol-
lows from Fig. 4.4. In our view the relatively high conductance of 3 nS has at least
two consequences.
The first one is that it prevents initiation of activity by a single pacemaker,
but allows synchronized activity of a small clusters of pacemaker cells. It prevents
spontaneous random activity by a single pacemaker cell and ensures robust initia-
tion by a small cluster. For a linear strand at least three pacemakers are sufficient
for propagation. Pilot studies for a two-dimensional network show that roughly 300
pacemaker cells are necessary to initiate propagating activity.
The second aspect related to the gap junctional conductance relates to the ve-
locity of propagation. A larger gap-junctional conductance gives a larger propaga-
tion velocity (Rohr, 2004). Previous studies on propagation of activity in a network
of non-excitable cells with IP3-mediated calcium oscillations (Sneyd et al., 1995;
Ho¨fer et al., 2001, 2002; Falcke, 2004) have shown that propagation may occur
via diffusion of calcium and/or IP3 through the gap junctions. Since diffusion is
relatively slow relative to electrical coupling, the propagation velocity in such a
network is typically in the range from 5-50 µm/s (Politi et al., 2006; Ho¨fer et al.,
2001; Sanderson et al., 1994), which is much slower than propagation in excitable
cells (typically 0.5 - 100 cm/s) and in our NRK cells (De Roos et al., 1997b; Harks,
2003) where the propagation velocity is approximately a few mm/s.
The propagation velocity in our linear strand (see Fig. 4.6 and 4.7) is about
40 cells per second. Since cell size is about 20 µm, this corresponds to a velocity
of about 0.8 mm/s. Since this velocity also depends on the IP3 concentration in
the follower cells (a higher concentration gives a higher propagation velocity) the
velocity obtained in our simulations is roughly in agreement with the experimental
observations of (De Roos et al., 1997b).
The required number of pacemaker cells for exciting the strand
The analysis of the one-dimensional network in Figs. 4.5 and 4.6 with physiologi-
cal electrical coupling (Gg = 3 nS), reveals that one terminal pacemaker cell cannot
deliver sufficient current to the follower cells to obtain 1:1 synchronization and AP
propagation in the cell strand. Increasing the value of the L-type calcium conduc-
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tance alone would not help (see Fig. 4.8). The minimal number of pacemaker cells
required to initiate AP propagation depends on the [IP3] of the follower cells (com-
pare results for [IP3] = 0 and [IP3] = 0.1 in follower cells in Fig. 4.4), and critically
depends on the conductance of the L-type Ca-channels (GCaL), which needs to be
larger than 1.45 nS to facilitate propagation of APs at all (Fig. 4.8). In this study
we have fixed GCaL at 1.6 nS, which results into a requirement of 3 pacemaker cells
for 1:1 propagation of APs in the one-dimensional network.
Chemical coupling versus electrical coupling
We have shown that calcium waves and propagation of action potentials can be
achieved by a mechanism where depolarization by action potential firing and cal-
cium triggered opening of chloride channels causes an action potential and intra-
cellular calcium transient in its neighbor cell. Such a coupling mechanism is sig-
nificantly more effective than that of the chemical coupling based class of models,
as a membrane potential change has a quick coupling effect over distances sev-
eral orders of magnitude greater than either diffusion of Ca2+ or IP3 through gap
junctions (Imtiaz et al., 2002).
Both Ca2+ and IP3 have been shown to permeate through gap junctions by
diffusion. This mechanism plays a crucial role in the propagation of Ca-waves in
networks with non-excitable cells (Sneyd et al., 1995; Ho¨fer et al., 2001, 2002;
Falcke, 2004). In our study with excitable cells, the electrical coupling and the rel-
atively fast dynamics of the L-type Ca-channel provide a much faster propagation
than in non-excitable cells. Since diffusion of Ca2+ and IP3 takes place on a time
scale, much longer than the time scale of propagation by electrical coupling and
activation of the L-type Ca-channels, we have not incorporated diffusion of Ca2+
and IP3 in our study.
In a recent study (Tsaneva-Atanasova et al., 2005) have suggested that intercel-
lular calcium diffusion is necessary and sufficient to synchronize the oscillations in
neighboring cells with different intrinsic oscillation frequencies. The results of our
study indicate that intercellular calcium diffusion may be sufficient but is not neces-
sary, since coupling of intracellular CaOs by the excitable membrane and electrical
intercellular coupling also achieves synchronization of pacemaker cells with differ-
ent intrinsic oscillation frequencies.
Several studies (see e.g. (Ho¨fer et al., 2001)) calculated the minimal gap junc-
tional permeability for calcium, which is required for calcium wave propagation, as
a function of the diffusion coefficient for calcium. The minimal value is found to be
about 0.05 µm sec−1, which gives an inflow of about 0.25 ×10−6 µmol in our cell.
The result of our model study show that the total change of calcium concentration
in the cytosol due to inflow through the L-type Ca-channels is about 100 ×10−6
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µmol per action potential this is much larger than the change due to diffusion of
calcium, which explain why the propagation of Ca-waves mediated by the L-type
Ca-channels is faster and more robust.
In the present model study agonist or IP3 diffusion may improve local syn-
chronization of the surrounding follower cells by smoothing the sensitivities of the
CICR mechanism
Voltage-dependent gap-junctional conductance
In our study the gap-junctional conductance is assumed to be independent on the
voltage of the membrane. However, it is well known that the gap-junctional con-
ductance is not constant but voltage dependent. The gap-junctional conductance
between two cells may decrease up to 20 % during an action potential compared
to the steady-state conductance without any voltage difference across the gap junc-
tion. In a recent study using transfected neuroblastoma cells, inactivation kinetics
of connexin43 were studied by imposing an AP clamp instead of a rectangular
voltage pulse on one of the cells (Lin et al., 2003). These experiments showed
that, following the peak of the AP, the junctional conductance decreased within
25 ms to 58 % of control. These relatively slow time constants are in agreement
with experimental observations (Baigent, 2003),which indicate that the transition
rates for the gap junction channels are significantly longer than the time constant
of the cell membrane, which is about 1 ms. Comparison of these inactivation times
to transjunctional conduction times observed during steady state propagation un-
der conditions of severe uncoupling suggests that gap junctional gating has only a
minor effect on overall conduction velocities (Rohr, 2004).
Functional implications
The results of this study show that the coupling of intracellular calcium oscillations
and action potential firing causes propagation of activity through a network of cells,
which is robust and much faster than propagation of calcium waves in a network
of non-excitable cells (Freiesleben de Blasio et al., 2004; Ho¨fer et al., 2001, 2002;
Tsaneva-Atanasova et al., 2005).
Calcium-induced calcium release through the IP3-receptor, triggered by cal-
cium inflow through L-type Ca-channels during an action potential supports cell
depolarization by activation of Ca-dependent Cl-channels. This boosting of prop-
agation of activity by CICR provides a robust mechanism, which is also found in
gastrointestinal cells (Torihashi et al., 2002), urethral cells (Cousins et al., 2003;
Imtiaz et al., 2006) and in heart pacemaker cells (Maltsev et al., 2006). In all these
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cell types robust pacemaking and propagation of activity is crucially important for
the function of the cell network in the organism.
In smooth muscle cells oscillatory release of Ca2+ through IP3 receptors and
voltage-dependent Ca2+ influx through L-type Ca-channels underlie rhythmic va-
somotion (Zhao et al., 2002; Aalkjaer and Nilsson, 2005). Spontaneous calcium
waves occurring after a long action potential plateau may also modulate the removal
of voltage dependent inactivation of L-type Ca2+ channels, and affect the likelihood
of the occurrence of early afterdepolarizations (Lakatta et al., 1992). Spontaneous
CaOs may be implicated in diverse manifestations of heart failure–impaired sys-
tolic performance, increased diastolic tonus, and an increased probability for the
occurrence of arrhythmias (Lakatta et al., 1992). Therefore, the outcomes of this
model study are also of interest for understanding mechanisms of pacemaker syn-
chronization and AP propagation in many other systems.
Conclusion
Consistent with experimental observations for NRK cells (De Roos et al., 1997c),
we showed that electrical intercellular coupling is sufficient for synchronizing CaOs
of pacemaker cells and for propagation of AP coupled calcium waves over a lin-
ear network of cells. For NRK cells it has become clear that membrane excitation
can evoke and enhance release of Ca2+ from the ER store via voltage-dependent
Ca2+ inflow through L-type Ca-channels. Our general message is that some form
of CICR interaction with or caused by Ca inflow through voltage dependent Ca-
channels can boost propagation of electrical excitation and its continuous calcium
oscillations. Any form of CICR, ryanodine-mediated receptors are another exam-
ple, would engage a similar interaction.
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4.6 Tables
Table 1: The equations defining the electrical membrane properties.
Cm
dVm
dt
=−(IKir+ Ilk+ ICaL+ ICl(Ca) + ISDC) (A.1)
IKir = GKir
√
Ko
Kost
( α
α+β
)
(Vm−EK) (A.2)
α = 0.1
1+ exp{0.06(Vm−EK−50)}
(A.3)
β =
3exp{0.0002(Vm−EK+100)}+ exp{0.0002(Vm−Ek−10)}
1+ exp{−0.06(Vm−EK−50)}
(A.4)
EK = 1000
RT
F
ln(
Ko
Ki
) (A.5)
Ilk = Glk (Vm−Elk) (A.6)
ICaL = mhGCaL (Vm−ECaL) (A.7)
m∞ =
1
1+ exp(−Vm+105.24 )
(A.8)
τm = 0.01/2
m∞(1− exp(−(Vm+10)/5.9))
0.035(Vm+10)
(A.9)
h∞ =
1
1+ exp(Vm+374.6 )
(A.10)
τh =
0.01×2
0.02+0.0197exp(−[0.0337(Vm+10)]2) (A.11)
ICl(Ca) =
[Ca2+cyt ]
[Ca2+cyt ]+KCl(Ca)
GCl(Ca) (Vm−ECl(Ca)) (A.12)
ISDC =
KSDC
[Ca2+
ER
]+KSDC
GSDC (Vm−ESDC) (A.13)
d[BCa]
dt
= kon([TB]− [BCa])[Ca2+cyt ]− ko f f [BCa] (A.14)
JPM =−
10−6
zCaF
1
APM
(ICaL+ ISDC)− JPMCA (A.15)
JPMCA = J
max
PMCA
[Ca2+cyt ]
[Ca2+cyt ]+KPMCA
(A.16)
Table 2: The equations defining the properties of the IP3-mediated intracellular
calcium dynamics.
Volcyt
d[Ca2+cyt ]
dt
= AER(JlkER+ JIP3R− JSERCA)−
d[BCa]
dt
Volcyt +APM JPM (A.17)
VolER
d[Ca2+ER]
dt
= AER(−JlkER− JIP3R+ JSERCA) (A.18)
JlkER = KlkER([Ca
2+
ER]− [Ca2+cyt ]) (A.19)
JIP3R = f
3
∞w
3KIP3R ([Ca
2+
ER]− [Ca2+cyt ]) (A.20)
f∞ =
[Ca2+cyt ]
Kf IP3 +[Ca
2+
cyt ]
(A.21)
w∞ =
[IP3]
KwIP3
+[IP3]
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(A.22)
τw =
a
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(A.23)
JSERCA = J
max
SERCA
[Ca2+cyt ]
2
K2SERCA+[Ca
2+
cyt ]
2 (A.24)
Table 3: Changed parameter values of the single-cell model.
KCl(Ca) 18 µM
GCaL 1.6 nS
Glk 0.058 nS
JmaxPMCA 3.0×10−5 µmols×dm2
kon 1. (µMs)−1
ko f f 1. s
−1
half inactivation m∞ 10 mV
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Chapter 5
Synchronization of intracellular calcium
oscillations and propagation of calcium
waves through action potential
transmission in a two-dimensional
hexagonal network of normal rat kidney
fibroblasts
Intercellular propagation of action potentials and intracellular calcium oscilla-
tions are thought to play an important role in long-range calcium signaling in NRK
fibroblasts. In this study we investigated the conditions under which action potential
propagation with corresponding intracellular Ca-transients occurs in a monolayer
of normal rat kidney (NRK) cells by comparing the results of ”pacemaker ring ex-
periments” with 2D-model calculations. Experimental observations in a quiescent
monolayer, where we induced a circular pacemaker area, revealed that action po-
tentials can propagate upon activation of the L-type Ca-channels in cells outside
the ring by electrical coupling via gap junctions.
Results of model calculations demonstrate that the location of the pacemaker
cells depends on both their intracellular IP3 concentration and membrane poten-
tial. The IP3 concentration should be sufficiently high to allow intracellular cal-
Adapted from: Dernison M.M., Kusters J.M.A.M., Peters P.H.J., van Meerwijk W.P.M., Ypey
D.L., Gielen C.C.A.M., van Zoelen E.J. and Theuvenet A.P.R., Cell Calcium, in press 2008
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cium oscillations. Intracellular diffusion of IP3 under the ring is essential to induce
pacemaker activity. The mean membrane potential should be at -40 mV or lower
i.e. well below the membrane potential range of the window current of the L-type
Ca-channel. The latter condition is required to enable activation of the L-type Ca-
channel in the pacemaker cells and their surrounding cells, which is necessary for
propagation of action potentials and Ca-oscillations in neighboring cells. These
model results are in agreement with experimental data.
Blocking the L-type Ca-channels in cells under the ring by addition of nifedip-
ine inside the ring eliminates synchronized calcium oscillations under the ring,
providing support for the crucial role of L-type Ca-channels in synchronization
of calcium oscillations and propagation of action potentials.
The linkage between membrane potential and intracellular calcium-induced
Ca2+ release provides a means for the intracellular stores of the individual cells
to interact as coupled oscillators, resulting in the emergence of synchronized Ca2+-
oscillations and associated pacemaking activity in a cluster of gap junctionally cou-
pled cells.
5.1 Introduction
Intercellular communication has been found in a variety of tissues and organs. Long
range electrical communication has been extensively described for the heart, and is
also found in smooth muscle layers of the gastrointestinal tract, urinary tract, fallop-
ian tube, blood veins, lymphatic vessels and fibroblasts as well. In intestinal smooth
muscle layers interstitial cells of Cajal (ICC) and ICC-like cells in the urinary tract
and fallopian tubes have been identified as sources of pacemaker activity (Sanders
et al., 2006; Lang and Klemm, 2005; Sergeant et al., 2006; Shafik et al., 2005;
Popescu et al., 2005). The pacemaker mechanism in the heart is usually considered
as constituted by voltage-dependent channels in the cell membrane (DiFrancesco,
1991), but also depends on Na+-Ca2+-exchange current (Huser et al., 2000). Con-
trary to the heart, pacemaking in smooth muscle layers and fibroblasts is viewed as
based on oscillatory Ca2+-release from and uptake by Ca2+- stores and associated
depolarization of the membrane potential (De Roos et al., 1997b,c; Sanders et al.,
2000).
Normal rat kidney (NRK) fibroblasts (clone 49F) have often been used to study
cell transformation and contact inhibition of cell proliferation (van Zoelen et al.,
1985). These cells have the potency to be morphologically transformed into a my-
ofibroblastic appearance (Yang et al., 2003). Previous studies have shown that NRK
fibroblasts display distinct biophysical properties in different growth conditions
(quiescent, density arrested, transformed) accompanied by increasing prostaglandin
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F2α (PGF2α ) concentrations in the culture medium (Harks et al., 2005). These fi-
broblasts have excitable properties in the quiescent state and after density arrest
of proliferation (also called contact inhibition) display spontaneous calcium based
action potentials.
We hypothesize that growth induction of a quiescent, homogeneous NRK fi-
broblast monolayer into a density-arrested monolayer results in spatial heterogene-
ity. Although the electrical membrane properties are thought to be unchanged, the
distribution of PGF2α in the monolayer distribution might be involved in induc-
tion of clusters of cells with pacemaking activity via activation of the prostanoid-
(FP subtype) receptor, giving rise to IP3-mediated calcium oscillations. A cluster
of cells is considered as a pacemaker cluster, when the Ca2+-oscillations in these
cells result from agonist-induced Ca2+-release from stores and are synchronous be-
cause of action potential (or depolarization) transmission. Cells surrounding pace-
maker cells are considered as followers if they do not have agonist induced Ca2+-
oscillations and if their Ca2+-transients are triggered by Ca2+-inflow via action
potential activated L-type Ca2+-channels.
Several factors may be involved in the formation of a pacemaker cluster. First,
the Ca2+-oscillations are IP3-dependent and, therefore, IP3 has to be in a partic-
ular range of concentrations to initiate calcium oscillations (Kusters et al., 2005).
Second, the Ca2+-oscillations of neighboring cells should be (nearly) synchronous,
implicating synchronization by interaction between cells via coupling mechanisms
like IP3-diffusion or electrical coupling. Recent studies (Cousins et al., 2003; Imtiaz
et al., 2006; Kusters et al., 2005, in press 2008) investigated the mechanism of cou-
pling of IP3-mediated Ca
2+-oscillations and membrane excitability (Kusters et al.,
2007). The increase of cytosolic calcium due to release of Ca2+ through the IP3-
receptor (IP3R) opens Ca2+ dependent Cl-channels in the membrane causing a de-
polarization. This depolarization may trigger an action potential that can propagate
via gap junctions and L-type Ca2+-channels. On the other hand an action poten-
tial can trigger a Ca2+-transient, since inflow of calcium during an action potential
causes calcium induced calcium release (CICR). Kusters et al. (in press 2008) have
shown in a model of NRK fibroblasts that electrical coupling via gap junctions and
L-type Ca-channels is sufficient to synchronize Ca2+-oscillations in neighboring
cells and is much faster than synchronization by diffusion of IP3, which has a much
longer time-scale than electrical coupling.
It has been shown that IP3 is able to diffuse to neighboring cells resulting in
an intercellular Ca2+-wave (Leybaert et al., 1998) possibly via gap junctions. Al-
though not necessary for synchronization of Ca2+-oscillations, IP3 diffusion via
gap junctions into non-IP3-producing cells may play a role in recruitment of cells
to form a pacemaker area.
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To investigate these ideas we created heterogeneity in a homogenous quiescent
monolayer of NRK cells by explicitly inducing a recognizable pacemaker area to
study the pacemaking and propagation conditions in NRK fibroblasts. We were
indeed able to induce Ca2+-oscillations in a cluster of fibroblasts in a quiescent
monolayer by local addition of PGF2α in a small ring that we placed upon the cells
such that it insulates the medium above the induced cluster from the surrounding
medium without disrupting the electrical syncytium. Periodic propagation of action
potentials in the surrounding monolayer was triggered by this artificial pacemaker.
Our aim in this study was to investigate under which conditions pacemaking
and subsequent propagation occurs. Moreover, we wanted to investigate how a clus-
ter of cells with a high concentration of IP3 can produce a pacemaker area. We have
done this by vital calcium imaging at different spots in the monolayer and by sim-
ulation of the experimental observations in a two-dimensional model of the NRK
fibroblast monolayer.
5.2 Methods
Mathematical model of NRK-cell
We present a simplified model, which captures the basic characteristics of normal
rat kidney (NRK) fibroblasts reported in Kusters et al. (2005, 2007, in press 2008),
and which reproduces, on the basis of single-cell data (Harks et al., 2003a), the
kinetics of the membrane ionic currents and the intracellular calcium oscillator.
The dynamics of the NRK membrane potential depends on the sum of ion cur-
rents through the membrane:
Cm
dVm
dt
= −(IKir+ Ilk+ ICaL+ ICl(Ca) + ISDC) (5.1)
where Vm is the membrane potential andCm=20 pF is the capacitance of the mem-
brane. The most relevant currents are those through the inward rectifier potassium
conductance (IKir), the L-type Ca-conductance (ICaL), Ca-dependent chloride con-
ductance (ICl(Ca)), leak conductance (Ilk), and store-dependent calcium (SDC) con-
ductance (ISDC). The dynamics of the L-type Ca-conductance is given by
ICaL = mhGCaL (Vm−ECaL) with an activation (m) and inactivation (h) variable.
The dynamics of m and h are described by first order differential equations of the
type
dx
dt
=
x∞(Vm)− x
τx(Vm)
(5.2)
where x∞ and τx correspond to the steady-state (in)activation and time constant,
respectively.
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The Ca-dependent Cl-current ICl(Ca) is given by
ICl(Ca) =
[Ca2+cyt ]
[Ca2+cyt ]+KCl(Ca)
GCl(Ca) (Vm−ECl(Ca)). (5.3)
The Cl-current increases with the cytosolic calcium concentration [Ca2+cyt ], causing
a depolarization towards the Nernst potential of Cl ions ECl(Ca) near -20 mV. For
the definition of the other currents and details, see Kusters et al. (2005).
The flux of calcium through the membrane JPM is the sum of the flux of Ca
2+
ions through the L-type Ca-channel and the SDC-channel and the extrusion by the
PMCA-pump: JPM =− 1zCaFAPM (ICaL+ ISDC)− JPMCA.
The dynamics for the calcium concentration in the ER depends on the sum of
fluxes through the IP3-receptor (JIP3R), leak through the ER-membrane (JlkER) and
by (re)uptake by the SERCA pump (JSERCA)
d[Ca2+ER]
dt
=
AER
VolER
(−JIP3R− JlkER+ JSERCA) (5.4)
where the ratio of the surface AER and the volume VolER of the ER transforms the
flux of Ca2+-ions through the ER-membrane into changes of Ca2+ER-concentration.
The flux through the IP3-receptor is described by
JIP3R = f
3
∞w
3KIP3R ([Ca
2+
ER]− [Ca2+cyt ]) (5.5)
where [Ca2+ER]− [Ca2+cyt ] is the concentration difference between calcium in the ER
and in the cytosol. KIP3R is the rate constant per unit area of IP3-receptor mediated
release. f∞ and w represent the fraction of open activation and inactivation gates of
the IP3R channels, respectively. The dynamics of f and w is given by Eq. 5.2 where
[Ca2+cyt ] takes the place of Vm. Since the time constant for the activation parameter f
is considered to be small relative to that of the other processes in the cell, we use
f∞ instead of f . f∞ and w∞ depend both on the cytosolic calcium concentration :
f∞ =
[Ca2+cyt ]
Kf IP3 +[Ca
2+
cyt ]
(5.6)
w∞ =
[IP3]
KwIP3
+[IP3]
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(5.7)
Calcium in the cytosol is buffered by proteins in the cytosol. Buffering is de-
scribed by first order interactions between [Ca2+cyt ] and the concentration of the
buffer
d[BCa]
dt
= kon([TB]− [BCa])[Ca2+cyt ]− ko f f [BCa] (5.8)
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where [TB] represents the total buffer concentration and [BCa] represents the con-
centration of buffered calcium.
Based on our previous work (Kusters et al., in press 2008) we hypothesize the
following mechanism for the generation and propagation of action potentials in a
network of NRK cells. Pacemaker cells generate IP3-mediated calcium oscillations.
These periodic calcium transients open the Ca-dependent Cl-channels (Eq. 5.3),
which depolarize the membrane towards the Nernst potential near−20 mV, thereby
causing activation of the L-type Ca-channels. Opening of L-type Ca-channels gen-
erates an influx of calcium in the cells with a concomitant further depolarization
towards the equilibrium potential for Ca2+-ions. Conduction of the depolarization
to neighboring cells via gap junctions leads to opening of their L-type Ca-channels.
The calcium influx through the L-type Ca-channels induces Ca2+-induced Ca2+
release (CICR) through the IP3-receptors and/or ryanodine receptors in the mem-
brane of intracellular calcium stores. As a result, the Ca-dependent Cl-channels
will open, which are responsible for the plateau phase of the membrane potential
near −20 mV. The interaction between membrane excitability and IP3-receptor ac-
tivation results into an active propagation of the action potential through the whole
monolayer (Kusters et al., in press 2008). After an action potential or calcium oscil-
lation the reduction of cytosolic calcium by the activity of the SERCA and PMCA
pump reduces the calcium concentration in the cytosol and thereby ICl(Ca), such that
the membrane repolarizes to the rest potential near −70 mV.
Modeling electrically coupled NRK cells
Many fibroblastic cell types in culture, including NRK cells, are electrically cou-
pled by gap-junctional channels, e.g. composed of connexin43 (Cx43) subunits
with a typical conductance between the cell and its surrounding network near 20
nS (Harks et al., 2001). The geometry of electrical intercellular coupling by gap
junctional conductances is approximated by a honeycomb-like structure (hexago-
nal cells), because NRK cells in a monolayer are usually surrounded by six cells.
The value of the coupling conductance was derived from coupling conductance es-
timations in NRK cells (see Torres et al., 2004). Therefore, the total gap-junctional
conductance of 20 nS for a cell corresponds to a gap-junctional conductance Gg
between two neighboring cells of 20/6 ∼ 3 nS.
The electrical current flowing through the gap junctions between cell i and
neighboring cells in the network is incorporated by an extra term at the right-hand
side of Eq. 5.1, where Ii jgap is defined as positive for current that goes from cell i to
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cell j. This results in
−Cm dV
i
m
dt
= IiKir+ I
i
lk+ I
i
CaL+ I
i
Cl(Ca) + I
i
SDC+ ∑
j ε neighbor i
Ii jgap (5.9)
Ii jgap = Gg(V
i
m−V jm), (5.10)
where Gg is the conductance of the gap-junction coupling between neighboring
cells i and j.
Electrical communication through the gap junctions is thought to be the basis
for near synchronous electrical activity and calcium oscillations in excitable cells.
The gap junctions are intercellular, non-selective ion channels and allow the pas-
sage of current between neighboring cells when these cells develop a difference in
membrane potential. NRK cells in a monolayer form an electrical syncytium over
which action potentials can propagate from cell to cell, as shown by De Roos et al.
(1996).
We have modeled this action potential propagation by electrically coupling sin-
gle cells to neighboring cells in a hexagonal two-dimensional network of a model
monolayer.
Theory for diffusion of IP3 through gap junctions
Experimental observations in the literature (Dupont et al., 2000; Lechleiter and
Clapham, 1992) reported evidence that supports the hypothesis that IP3 diffusion
is responsible for propagation of intracellular Ca2+ waves in a monolayer of cells
in, for example, hepatocytes. It has been shown that IP3 diffuses through gap junc-
tions to neighboring cells (Leybaert et al., 1998) and that IP3 is degraded at a rate
of approximately 0.07 s−1 (See Table 5.1). In order to incorporate these findings in
our model, we model the IP3 dynamics by including the IP3 production and degra-
dation in a single NRK cell and intercellular diffusion of IP3 through gap junctions
between neighboring cells.
In experimental conditions a pacemaker area can be induced by gently pushing
a ring with inner diameter of 6 mm and thickness of 1 mm on the monolayer and by
adding an IP3 production inducing prostaglandin in the ring. Adding PGF2α in the
ring generates spontaneous calcium oscillations in the cells in the ring (Harks et al.,
2003b, c.f.). The main motivation of this study is to test the hypothesis that adding
PGF2α in the ring will induce local pacemaking activity, which causes periodic ac-
tion potential propagation outside the ring. In order to simulate these experimental
conditions we established a circular pacemaker area in the center of the 2-D net-
work (see Fig. 5.1) with an inner radius of 1 mm and outer radius of 1.5 mm. Under
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steady-state conditions the IP3 concentration of the cells inside the ring is randomly
distributed in a range between 5 and 15 µM.
For comparison with the experimental data we will refer to the cells within
the inner diameter and outer diameter of the ring as the cells ”under the ring”. As
a first approximation we assume that PGF2α is restricted to the region within the
ring, such that the surrounding cells under and outside the ring do not produce IP3.
Therefore, we only have to take into account diffusion and degradation of IP3 in
the cells under and outside the ring.
The change in IP3 concentration at position
−→x at time t in the cells under and
outside the ring is determined by diffusion and degradation of IP3. The general
diffusion equation is given by
∂ IP3(x, t)
∂ t = DIP3∇
2IP3(x, t)−λ IP3(x, t), (5.11)
where DIP3 is the diffusion coefficient of IP3 and λ is the rate of IP3 degradation.
To solve the two-dimensional diffusion equation 5.11 we change from Carte-
sian coordinates −→x to polar coordinates , which results into
∂ IP3(r,φ)
∂ t = (5.12)
DIP3(r,φ)
[
∂ 2
∂ r2 IP3(r,φ)+
1
r
∂
∂ r IP3(r,φ)+
1
r2
∂ 2
∂φ 2 IP3(r,φ)]−λ IP3(r,φ)
The term 1r2
∂ 2
∂φ2 IP3(r,φ) is zero for reasons of symmetry.
For a constant concentration IP3 in the pacemaker area, the steady-state solution
to Eq. 5.12 is
∂ 2
∂ r2 IP3 +
1
r
∂
∂ r IP3−
λ
DIP3
IP3 = 0. (5.13)
Eq. 5.13 looks similar to the well-known zero-order Bessel equation, defined by
∂ 2
∂ r2Φ+
1
r
∂
∂ rΦ− p
2Φ= 0. (5.14)
The general form of the differential Bessel equation of order ν is given by
r2
∂ 2
∂ r2Φ+ r
∂
∂ rΦ+(r
2−ν2)Φ= 0, (5.15)
with the following ν-order Bessel-function solution:
Jν(r) =
rν
2νΓ(ν+1)(1−
r2
2(2ν+2) +
r4
2.4(2ν+2)(2ν+4) − . . .) (5.16)
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= Σ (−1)
λ
Γ(λ +1)Γ(λ +ν+1)(
r
2
)ν+2λ
with Γ(z) =
∫
e−ttz−1dt and Γ(z+1) = zΓ(z), (Bender and Orszag, 1987).
With ν = 0, the solution of the modified Bessel function of order zero (Eq.
5.13) is given by
Φ(r, p) = A(p)I0(rp)+B(p)K0(r|p|). (5.17)
We solve Eq. 5.17 using the boundary conditions for our 2D-network. For large
r, I0(rp) approaches to (
π
2rp)
1/2e+rp, which becomes infinitely large for large r,
therefore A(p) = 0. For large r, K0(r|p|) approaches to ( π2rp)1/2e−rp, which ap-
proaches to zero for large r.
The solution for our 2D-network then becomes
IP3(r) = B(
π
2rp
)1/2e−rp (5.18)
with p =
√
λ
DIP3
.
Dupont et al.
(2000)
Allbritton et al.
(1992)
Lechleiter and
Clapham (1992)
DIP3 (µm
2/s) 210 283 294
λ (s−1) 0.075 0.05 –
Table 5.1: Parameter values for for DIP3 and λ as reported in literature
Using Eq. 5.19, we can calculate the concentration of IP3 in the cells under the
ring, where we use the values λ = 0.07 s−1, D = 258 µm2 s−1 (see Table 5.1) and
the boundary conditions: limr↑∞ → IP3(r) = 0.1 and mean IP3 concentration is 10
µM for 0 ≤ r ≤ 1 mm (inner side of edge of the ring). Since the follower cells in
the network are thought to have some IP3, we simulated the network with [IP3] =
0.1 µM for the follower cells. This required that Eq. 5.18 was modified into
IP3(r) = B(
π
2rp
)1/2e−rp+0.1. (5.19)
In our model, NRK cells reveal intracellular calcium oscillations for an [IP3]
range between 0.2 and 8.5 µM. This range is in agreement with the range reported
in experimental data of hepatocytes by (Hajnoczky and Thomas, 1997). The diam-
eter of the cell is assumed to be 10 µm (De Roos et al., 1997b).
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With Eq. 5.19, the distance r where the IP3 concentration is within the range of
0.2 and 8.5 µM is between r = 1235 and 1013 µm. Using the fact that the diameter
of NRK cells is about 10 µm, the range between 1013 and 1225 µm corresponds to
about 23 cells. The area under the ring with inner radius 1013 and outer radius 1235
µm corresponds to about 1.5 mm2, which corresponds to a number of 15000 cells,
which have a sufficiently large IP3 concentration to generate intracellular calcium
oscillations.
Set-up of simulation in a two-dimensional network
In this study we have used numerical computer simulations to reproduce and ex-
plain the experimental findings, where a pacemaker area was created in a culture
of NRK cells by adding PGF2α within a ring with inner diameter of 6 mm, super-
imposed on the culture. In order to reduce the duration of the computer simulation,
we have reduced the inner radius of the ring in our simulations to 1 mm.
Fig. 5.1 shows a schematic 2D-network of 400 by 400 cells. Within a ring with
a inner radius of 1 mm (which is equivalent to 100 cells) the cells have an [IP3]
concentration randomly distributed in a range between 5 and 15 µM.
In Kusters et al. (2007) we explained in detail the behavior of a single-cell
model using nonlinear dynamics and bifurcation theory. In the present study we
used the same parameter values as in (Kusters et al., in press 2008). For small
[IP3] values in the range from 0.00 to 0.15 µM, the cell has a single stable steady
state with a membrane potential near -70 mV. For [IP3] > 0.15 µM, the stable
fixed point becomes unstable in a subcritical Hopf bifurcation. Calcium oscillations
together with action potentials occur for IP3 concentrations in the range between
0.15 and 8.5 µM . In this regime, a rapid calcium inflow from the ER into the
cytosol opens the Ca-dependent Cl-channel, causing an inward current towards the
Cl-Nernst potential close to -20 mV. This depolarization activates the L-type Ca-
channels leading to an action potential. After closure of the IP3-receptor channel,
calcium is removed from the cytosol by the Ca-pumps in the cell membrane and
ER, leading to repolarization to -70 mV. For [IP3] > 8.5 µM, the system meets
a supercritical Hopf bifurcation and remains stable for higher IP3 concentrations
with a Ca-concentration near 10 µM (depolarized state).
For cells under the ring (0.5 mm thick), the [IP3] concentration decreases ac-
cording to Eq. 5.19 from 10 µM (inner side of the ring) to 0.1 µM (outer side of
the ring) (see Fig. 5.1B). Cells outside the ring have a [IP3] of 0.1 µM and do not
reveal spontaneous calcium oscillations.
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Set-up of pacemaker ring experiments
Cell culturing: Normal rat kidney fibroblasts (NRK clone 49F) were cultured in
bicarbonate-buffered Dulbecco’s modified Eagle’s medium (DMEM; Life Tech-
nologies, Paisly, UK) supplemented with 10% newborn calf serum (HyClone Lab-
oratories, Logan, UT, US). Confluent cultures were made quiescent by subsequent
incubation during one to three days in serum-free DF medium (1:1 mixture of
DMEM and Ham’s F-12, medium; Gibco; Life Technologies, Paisly, UK) supple-
mented with 30 nM Na2SeO3 and 10 µg/ml human transferrin.
Intracellular calciummeasurements:Glass coverslips containing confluent mono-
layers of NRK fibroblasts were placed in a Leiden cell chamber and loaded for
30 min with 4 µM Fura-2/AM (Invitrogen, Eugene OR, USA) in serum-free DF
medium at room temperature. Prior to the measurements the loading medium was
replaced by Ca2+ containing HEPES buffered saline (HBS; in mM NaCl 141.5,
KCl 5, CaCl2 1, HEPES 10, glucose 10, MgCl2 1 pH 7.4). Subsequently a ring was
applied to the monolayer (see below) and the medium outside the ring was per-
fused with Sr2+ containing HBS. Dynamic calcium video imaging was performed
as described elsewhere (Cornelisse et al., 2002). Excitation wavelengths for Fura-2
were 340 nm and 380 nm (band with 8-15 nm), while fluorescence emission was
monitored above 440 nm, using a 440 nm DCLP dichroic mirror in front of the
camera. Image acquisition, using a camera pixel binning of 4, and computation
ratio of images (F340/F380), was taken every 4 s and operated through Metafluor
v.6.2 (Universal Imaging Corporation, Downingtown, PA, US). Camera acquisition
time was 100 ms per excitation wavelength.
In order to study calcium wave and action potential propagation in NRK mono-
layers we created a pacemaker center by placing a small ring of acrylic glass on
a monolayer without disrupting intercellular contact. The outside diameter of the
ring was 8 mm and the inside diameter 6 mm, thus enclosing approximately 30.000
cells within the ring. The ring (height 1 mm) thus isolates the extracellular medium
inside the ring from the cells outside the ring, where the medium is perfused. This
allows the addition of agonists and inhibitors in a well-defined region of the mono-
layer under conditions that all cells in the monolayer remain electrically coupled.
In previous studies we have shown that the local addition of prostaglandin
F2α to quiescent NRK monolayers results in the induction of a single propagat-
ing calcium action potential in these cultures. Furthermore, we have shown that
density-arrested NRK cells secrete PGF2α themselves in physiological concen-
trations. Based on the observation that density-arrested monolayers of NRK cells
show spontaneous periodic action potentials, we postulated that such cultures con-
tain groups of pacemaker cells which secrete PGF2α at sufficiently high concentra-
tion, as well as follower cells which respond to the pacemaking cells by transmis-
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sion of a calcium action potential.
We performed experiments in which vital calcium imaging was used to record
intracellular calcium waves at positions outside (5 to 10 mm from the outer wall
of the ring), inside (close to the inner side of the ring) and under the ring (about
0.5 mm from the inner side of the ring). These experiments were performed by the
following protocol. Start by placing the ring on a quiescent monolayer in 1 mM
Ca2+ containing HBS medium. Thereafter, medium outside the ring was replaced
by 5 mM Sr2+ containing HBS medium via the perfusion system, to facilitate spon-
taneous action potential firing and propagation in cells outside the ring (De Roos
et al., 1997c) upon PGF2α addition inside the ring.
5.3 Results
Modeling the effect of IP3 on the membrane potential in cells under the
ring
The resting membrane potential, i.e. the membrane potential of the cell between
two subsequent calcium oscillations, depends in a complex way on the distance of
the cell relative to the inner edge of the ring and on the intracellular IP3 concentra-
tion.
Suppose that all cells under the ring and outside the ring have an IP3 concen-
tration of 0.1 µM (i.e. without diffusion of IP3). In that case these cells would
not generate spontaneous calcium oscillations and the membrane potential of these
cells in isolation would be near -70 mV. If the cells within the ring have an IP3-
concentration near 10 µM, the IP3-receptor leaks calcium from the ER, causing
an elevated cytosolic calcium concentration. For an isolated cell, the elevated cal-
cium concentration would cause a depolarization towards the Nernst potential of
the Ca-dependent Cl-channels near -20 mV.
Due to the membrane potential difference of the cells in the ring and the cells
under and outside the ring, there is a constant current from the cells in the ring to
the other cells through the gap junctions. This explains why the membrane potential
of cells under the ring near the inner edge of the ring is increased (up to -30 mV)
(see solid line in Fig. 5.1C). It also explains why the membrane potential of cells in
the ring, but near the edge of the ring, is below -20 mV.
If diffusion and degradation of IP3 is included, the IP3 concentration in the net-
work is given by Fig. 5.1B. If this IP3 gradient is included, the membrane potential
in the network decreases as indicated by the dashed line in Fig. 5.1C as a function
of distance relative to the center of the ring. The dashed line has a shape very sim-
ilar to that of the solid line, but shifted to a larger distance from the center. Quite
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Figure 5.1: Panel A shows a schematic 2D-network of 400 by 400 cells. At the
center of the network cells, within a ring with an inner radius of 1 mm (equivalent to
100 cells), have an IP3 concentration randomly distributed in a range between 5 and
15 µM. Panel B shows the IP3-gradient due to diffusion and degradation of IP3 as
described in Eq. 5.19. For cells under the ring (0.5 mm thick), the IP3 concentration
decreases according to Eq. 5.19 from 10 µM (inner side of the ring) to 0.1 µM
(outside the ring). Cells outside the ring have an [IP3] of 0.1 µM and do not exhibit
spontaneous calcium oscillations. Panel C shows the membrane potential gradient.
This electrical gradient is created by the difference of membrane potentials of cells
inside the ring with a membrane potential near -20 mV, and cells outside the ring,
which (in isolation) have a membrane potential near -70 mV. The solid line shows
the membrane potential if there would be no diffusion of IP3 from the inside of the
ring to cells under the ring. The dashed line shows the membrane potential with
IP3-diffusion, leading to an IP3-distribution in the network according to Eq. 5.19
(panel B).
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surprisingly, the shift is much larger than expected based on the IP3 gradient shown
in Fig. 5.1B. The main explanation is that diffusion of IP3 adds many more cells
with calcium oscillations and corresponding depolarization to -20 mV. Many cells
have a different IP3 concentration and, therefore, also a different frequency of cal-
cium oscillations. If the calcium oscillations are uncorrelated, which is the case if
the mean membrane potential is above -30 mV, these cells further contribute to the
region of depolarized cells. This will be explained in more detail in Fig. 5.2.
Simulation results for the pacemaker ring experiments in a two dimen-
sional network
Fig. 5.2 shows the simulation results for the membrane potential (right column)
and intracellular calcium concentration (left column) for the 2D-network for cells
outside (panel A), under the ring (panels B1 and B2) and inside/under the ring
(panel C), corresponding to the positions A, B1, B2, C in Fig. 5.1A.
At the positions A, B1, B2 and C we show the activity of a cluster of 25 cells
in an area of 50 by 50 µm. Position A is outside the ring at a mean distance of 1.97
mm from the center of the ring, B1 is under the ring at a mean distance of 1.24
mm from the center of the ring, B2 is under the ring at a mean distance of 1.16 mm
from the center of the ring, and C is at the inner side of the ring at a distance of 1.0
mm from the center of the ring .
The cells inside and just under the ring (position C) have relatively high IP3 con-
centrations in a range between 5 and 15 µM. For [IP3] between 5 and 8.5 µM, this
will trigger periodic calcium release from intracellular stores through IP3-sensitive
calcium release channels in the ER membrane. For cells with [IP3] between 8.5
and 15 µM, the IP3-receptor leaks calcium ions from intracellular calcium stores
continuously, causing elevated calcium concentrations in these cells. The left panel
of Fig. 5.2C shows a superposition of the traces of calcium concentrations in vari-
ous cells. Some cells show periodic calcium transients, whereas other cells reveal a
constant, elevated calcium concentration.
The elevated [Ca2+cyt ] of the cells in the ring causes a depolarization to the Nernst
potential of the Ca-dependent Cl-channels near -20 mV. These depolarized cells
with oscillating calcium concentrations with [IP3] between 5 and 8.5 µM form an
electrical syncytium at the Nernst potential of the Ca-dependent Cl-channel near
-20 mV (right panel Fig. 5.2C) by gap junctional coupling. Since all cells inside the
ring have the same membrane potential near -20 mV, the current that flows through
the gap junction between these cells due to electrical coupling is negligible. By the
absence of functional coupling (lack of action potential transmission), intracellular
calcium oscillations of these cells are uncorrelated and asynchronous (left panel
Fig. 5.2C).
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Figure 5.2: The membrane potential (right column) and corresponding intracellular
calcium concentrations (left column) of our simulation study for the 2D-network
for cells outside (panel A), under the ring (panels B1 and B2) and inside/under the
ring (panel C), corresponding to the positions A, B1, B2 and C in Fig. 5.1A. Each
panel shows a superposition of 25 traces of the 25 cells in the 50 x 50 µm area at
A, B1, B2 and C.
The IP3 concentration of the cells under the ring (positions B1 and B2) is due
to diffusion and degradation of IP3 as described by Eq. 5.19. This creates an IP3
gradient from the inner side of the ring (position 1.0 mm) to the outer side (position
1.5 mm) of the ring (see Fig. 5.1B). Due to this gradient, the 25 cells near position
B2 have an IP3 concentration between about 0.3 and 0.8 µM and for cells near
position B1 this range is between 0.15 and 0.25 µM (see Fig. 5.1B). For these
IP3 concentrations the cells reveal intracellular calcium oscillations by release of
calcium through the IP3 receptor. Due to electrical coupling of these cells, these
calcium oscillations may become synchronized. Whether these calcium oscillations
synchronize depends on the availability for activation of L-type Ca-channels of
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these cells and their neighbors.
At position B2 the mean membrane potential is near -25 mV (see Fig. 5.1C).
At this membrane potential the inactivation of the L-type Ca-channels prohibits a
strong coupling between the calcium oscillations of neighboring cells (see Chapter
4). The modulation of the conductance of the L-type Ca-channels by variations in
the membrane potential (see right panel at B2) is small. As a consequence, the cal-
cium oscillations of cells at B2 are weakly coupled, causing weak synchronization
of calcium oscillations in neighboring cells (see left panel at B2 in Fig. 5.2). As
explained by Timme et al. (2003) weak coupling between oscillators with differ-
ent frequencies or weak noise in identical synchronized oscillators cause perpet-
ual synchronization and desynchronization with continuously varying clusters with
synchronization and desynchronization.
Cells at position B1 have a lower IP3 concentration and lower membrane po-
tential than the cells at position B2 due to the IP3 gradient and electrical gradient
(see Fig 5.1). Cells at position B1 have membrane potential oscillations between
-50 and -20 mV (see right panel, Fig. 5.2B1.) Below the window current of the
L-type Ca-channel near -35 mV, rapid depolarizations of the cell by calcium tran-
sients can provide an effective coupling between intracellular calcium oscillations
in neighboring cells as explained in Chapter 4. This explains the synchronized cal-
cium oscillations in the left panel at B1. Another difference between the calcium
oscillations at B1 and B2 is the lower oscillation frequency at B1, which is due to
the lower IP3 concentration near B1.
Cells at position A have action potentials (see right panel, Fig. 5.2A) and cor-
responding calcium waves (see left panel, Fig. 5.2A). The frequency of the oc-
currence of calcium waves for the cells at A is much lower than at B1. Only one
out of 4 calcium and membrane potential oscillations at B1 corresponds to a cal-
cium wave and an action potential in the cells at A. A possible explanation for this
lower frequency can be understood by having a closer look at the de-inactivation
time constant τw for the w gate. Since we know from Kusters et al. (in press 2008)
that calcium-induced calcium release (CICR) through the IP3-receptor, triggered
by calcium inflow through L-type Ca-channels during an action potential supports
cell depolarization by activation of Ca-dependent Cl-channels and provides a robust
mechanism for boosting of action potential propagation.
The time constant τw determines the time for de-inactivation (w) of the IP3-
receptor, which depends on [IP3] and [Ca
2+
cyt ] and is given by
τw =
a
[IP3]
KwIP3
+[IP3]
+Kw(Ca)[Ca
2+
cyt ]
(5.1)
It is easy to see in this equation that for low [IP3] values (near 0.1 µM as in follower
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cells), the time constant τw of the inactivation gate w of the IP3-receptor is longer
(in the order of 200 seconds) than for high [IP3] near 0.3-0.8 µM for pacemaker
cells at position B2 and 0.15-0.25 µM for pacemaker cells at position B1, where
τw is shorter and about 50-100 seconds. Since the time constant τw in the follower
cells is long (about 200 s) relative to the time interval between action potentials
generated by the pacemaker cell (about 50-100 s), the de-inactivation of the IP3-
receptor in the follower cells has not yet recovered after a depolarization to -20 mV
in the pacemaker cells. Therefore, the IP3-receptor channels of these cells can not
be activated enough when the coordinated action of pacemaker cells generates the
next action potential. This explains why the frequency of the synchronized calcium
oscillations in the pacemaker area is much higher than for this repetitive firing of
action potentials by the cells outside the ring. Since CICR in the follower cells
contributes to a better AP propagation (see above), CICR also seems necessary in
this pacemaker ring simulations for entrainment between pacemakers and followers
(for more detail see Kusters et al., in press 2008).
Experimental recordings of calcium oscillations in the monolayer with
a pacemaker ring
Our working hypothesis is that propagation of action potentials in a density-arrested
NRK fibroblast monolayer is generated by a pacemaker area with elevated levels
of intracellular IP3 that induces synchronous intracellular calcium oscillations and
membrane depolarizations. To test this hypothesis, membrane potential measure-
ments and vital calcium imaging were performed in quiescent monolayers of NRK
cells upon which a ring was placed, isolating the medium above the cells inside the
ring from the surrounding medium outside the ring without disrupting the intercel-
lular electrical syncytium, so that PGF2α could be added inside the ring to establish
a local area with increased [IP3].
Figure 5.3 shows that addition of 0.5 µM PGF2α inside the ring can induce
periodic action potentials in cells outside the ring. Such action potentials were ob-
served in 19 out of 24 experiments, and were initiated within 10 min after addition
of PGF2α (median time 4.5 min). In 11 of 13 calcium imaging recordings syn-
chronous calcium waves were observed within 10 min after addition of PGF2α . The
mean interval time between successive action potentials was 3.5 ± 0.6 min (mean
± SEM; n=19). Similar results were obtained with other activators of Gq-coupled
receptors, including endothelin-1 (n=3) and bradykinin (n=2). However, addition
of 30 mM K+ inside the ring, which induced a similar depolarization of the cells
as PGF2α (-20 mV), generated either no (n=5) or typically only one single propa-
gating action potential in cells outside the ring (n=3). The observation that PGF2α
induced repetitive action potentials, while K+ induced at most a single action po-
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Figure 5.3: Action potentials recorded outside the ring are induced by PGF2α inside
the ring and inhibited by addition of nifedipine outside the ring. Typical membrane
potential response of NRK fibroblasts (n=24) measured outside the ring after ad-
dition of 0.5 µM PGF2α inside the ring (indicated by lower light gray bar). In this
figure addition inside the ring is indicated by a lower bar. Time (5 min) is indicated
by the lower black bar.
tential, suggests that the induction of periodic calcium action potentials requires
not only depolarization of cells inside the ring, but also the sustained production of
intracellular second messengers such as IP3 from activated Gq-coupled receptors.
Synchronization of Ca2+-oscillations occurs under the ring
The above results indicate that PGF2α -treated cells inside the ring are essential
for the generation of periodic calcium action potentials outside the ring, but these
experiments do not provide information about the location of pacemaker areas.
To form a pacemaker area that is able to initiate action potentials cells have to
synchronize their IP3-mediated calcium oscillations.
Figure 5.4 compares the extent of synchronization of intracellular calcium os-
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cillations outside, inside and under the ring, following addition of PGF2α inside
the ring. The data show that the near-synchronous individual calcium transients
recorded outside the ring had dominant interval times of 4.0 and 4.3 min (n=123)
in the experiment presented in Fig. 5.4A (right panel), while inside the ring asyn-
chronous oscillations with a broad range of frequencies were observed (median
interval time 1.3 min, n=376). Inside the ring (Fig. 5.4C) 90% of the asynchronous
oscillations had an interval time between 0.5 and 2.8 min (Fig. 5.4C). Under the
ring, however, a more dominant pattern of synchronous oscillations was observed
(Fig. 5.4B) whereby 90% of the oscillations had an interval time between 1.0 and
2.3 min (median interval time 1.5 min, n=246).
Averaged over seven experiments, we observed a value of 2.0 ± 0.5 min (mean
± SD) for the most dominant interval time between calcium oscillations under the
ring, while in the same experiments a value of 3.9 ± 1.3 min was observed for
the interval between calcium transients outside the ring. When these values were
compared pairwise for the same experiment a ratio of 2.0± 0.6 (n=7) was observed
for the interval time outside and under the ring. However, in individual experiments
ratios of 1.0 and 3.0 were observed as well. The observation that the interval time
between calcium transients under the ring is shorter than outside the ring, suggests
that calcium oscillations under the ring may induce action potentials outside the
ring with a particular entrainment.
5.4 Discussion
The aim of the present work was to create and study a pacemaker mechanism in
a quiescent monolayer of NRK cells by adding PGF2α in a ring. Both simulation
results and experimental records revealed periodic calcium waves and action po-
tential firing in cells outside the ring. Our simulations show for the experimental
conditions of this study the presence of pacemaker cells with intracellular calcium
oscillations under the ring, which is in agreement with experimental observations.
Action potential transmission in calcium oscillation synchronization and
in calcium wave propagation
We propose the following mechanism for the generation and propagation of ac-
tion potentials. The decaying concentration of IP3 under the ring ensures that,
somewhere under the ring, there is a cluster of cells with slightly different IP3-
concentrations which generate intracellular calcium oscillations and action poten-
tials. The electrical coupling by gap junctions synchronizes the calcium oscilla-
tions (see Kusters et al., in press 2008) which then creates a cluster of cells with
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Figure 5.4: Changes in intracellular Ca2+/Sr2+ levels of quiescent monolayer NRK
cells, upon stimulation with PGF2α inside the ring (lower gray bar), at different
positions outside, inside and under the ring (n=7 experiments). Distribution of the
interval time between calcium oscillations is depicted at right panels. A) Response
of 62 cells measured 5 mm outside the ring at position A (see inset) after addition
inside the ring of 0.8 µM PGF2α . B) Response of 47 cells measured under the ring
(position B in inset) in the presence of PGF2α inside the ring. C) Response of 67
cells measured at the inner edge of the ring (position C in inset) in the presence of
PGF2α inside the ring. Individual traces are shown in gray, the mean response of the
imaged cells is represented by the black line. Cells outside the ring were perfused
with 5 mM Sr2+, while inside the ring 1 mM Ca2+ was present. Time (5 min) is
indicated by the lower black bar.
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synchronized calcium oscillations and action potentials. When these cells syn-
chronize, neighboring cells are depolarized causing calcium inflow through the L-
type Ca-channels. This induces a Ca2+-induced Ca2+ release (CICR) through the
IP3-receptor channels causing an intracellular calcium wave. As a result, the Ca-
dependent Cl-channels open, sustaining the plateau phase of the action potential
near −20 mV. The interaction between membrane excitation and the intracellular
calcium release mechanism results in an active propagation of the action potential
and associated calcium wave through the whole monolayer. Due to the coupling
between the action potential and the intracellular calcium oscillator and due to the
gap-junctional coupling, cells with intracellular calcium oscillations at different
frequencies synchronize, creating a cluster that is powerful enough to act as a pace-
maker cluster in the two-dimensional network layer.
A surprising result concerns the location of the pacemaker cells, that are respon-
sible for the propagating calcium wave outside the ring. It was obvious that these
pacemaker cells should not be found within the ring since calcium oscillations in
these cells are not coupled due to their depolarized membrane near−20 mV, which
inactivates the L-type Ca-channels, thereby inhibiting the calcium action potential.
Inactivation remains as long as the membrane potential remains well above −35
mV, a membrane potential in the range of potentials allowing window currents for
the L-type Ca-channel. Below −35 mV the L-type Ca-channels are available for
action potential generation, enabling functional coupling between calcium oscilla-
tions in neighboring cells. This coupling provides a mechanism for synchronization
of calcium oscillators in the surrounding area, which can then act as a pacemaker
area. Therefore, the location of the pacemaker area corresponds to the cells where
the mean membrane potential is near -40 mV, just below -35 mV. As illustrated in
Fig. 5.1C this takes place at a distance of at least 200 µm from the inside edge
of the ring. At this distance, the IP3 concentration of these cells under the ring is
sufficiently large to allow intracellular calcium oscillations (following the IP3 gra-
dient as shown in Fig. 5.1B). This gradient is the result of diffusion of IP3 via gap
junctions from PGF2α induced IP3 producing cells within the ring into cells under
the ring with an low offset IP3 concentration of 0.1 µM.
In our simulations we had to make the diameter of the ring smaller than that
used in the experiments. The reason was that computer simulations would simply
take too long for a network of 20 x 20 mm (i.e. 2000 x 2000 cells). It might be
that the relatively large shift of the membrane potential decay in the network in
our simulations due to the effect of diffusion of IP3 (see Fig. 5.1C) is due to the
relatively small number of cells within the ring. If the radius of the ring increases,
the number of enclosed cells increases quadratically. It might be that for a realistic
diameter of 6 mm, the number of cells would be large enough to deliver the current
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through the gap junctions to other cells in the network to maintain the membrane
potential near -20 mV. This means that for a sufficiently large number of cells the
solid line of Fig. 5.1C would be shifted to the right such that the membrane potential
right at the edge of the ring would be higher than -30 mV for the case without
diffusion of IP3.
On the other hand a smaller ring is presumably better comparable to conditions
of a density arrested culture, where pacemaker areas are expected to be smaller
than 30000 cells. A further shift of the dashed line in Fig. 5.1C might be expected
if we would have incorporated a voltage-dependent production of IP3 (Imtiaz et al.,
2006). This extra voltage-dependent production of IP3 would lead to a distribution
of IP3, different from that shown in Fig. 5.1B.
The arguments above make it hard to make detailed predictions about the pre-
cise location of the pacemaker area under the ring. Consequently, a detailed com-
parison between the predicted and measured location of the pacemaker area is dif-
ficult. This is even more complicated by the fact that it is unknown to what extent
PGF2α can migrate under the ring. However, this does not affect the main conclu-
sion of this study that the cells, which act effectively as the pacemaker cells for
the propagating calcium waves outside the ring are located under the ring, approx-
imately 200 to 400 µm from the inside edge of the ring.
Conclusion
We conclude that the local application of an IP3 producing hormone promotes
a pacemaking and propagation mechanism that consists of the intricate coopera-
tion of the intracellular calcium handling-system and the voltage- and calcium-
dependent properties of the ion channels in the plasma membrane. This mechanism
seems to be of general importance for calcium signal transmission across various
tissues as for example in vascular smooth muscles playing a role in vasomotion
(Aalkjaer and Nilsson, 2005). To the best of our knowledge, this is a novel pace-
making mechanism, certainly in the specific form described here.
Using the current ring approach, which allowed us to separate pacemaker and
follower cells, we now show that as a result of electrical coupling and diffusion
of IP3 through the gap junctions between treated and non-treated cells, cells under
the ring have the proper membrane potential and IP3-mediated calcium oscillations
to form a pacemaker area for the generation of calcium action potentials. These
data imply that the formation of pacemaker areas in cellular monolayers requires
a combination of coupled PGF2α -stimulated and non-stimulated cells. The stimu-
lated cells supply the required IP3 for calcium oscillations, while the non-stimulated
cells provide the required membrane potential for opening of the L-type calcium
channel.
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Summary
Normal rat kidney (NRK) fibroblasts in cell culture exhibit growth-state depen-
dent changes in their electrophysiological behavior. After subconfluent-growth and
serum-deprivation the cells exhibit a stable resting membrane potential near −70
mV, called the quiescent state or resting state. Upon subsequent treatment with epi-
dermal growth factor the cells re-enter the cell cycle, undergo density-dependent
growth-arrest (contact inhibition) at confluency and spontaneously fire action po-
tentials associated with low frequency oscillating intracellular calcium transients.
Subsequent addition of retinoic acid or transforming growth factor (TGF)β to the
contact inhibited cells causes the cells to become phenotypically transformed and
to depolarize to approximately −20 mV. This depolarization has been shown to
be caused by an elevation of the intracellular calcium concentration, related to in-
creased concentration of prostaglandin (PG)F2α secreted by the unrestricted pro-
liferating transformed cells. Experimental findings in normal rat kidney (NRK) fi-
broblasts have provided strong evidence for action potentials triggered by calcium
release from the endoplasmic reticulum (ER) (Harks et al., 2003b). The aim of this
thesis was to develop an integrated model that can combines an excitable mem-
brane with an IP3-mediated intracellular calcium oscillator and which can explain
the different growth-state dependent states of NRK-cells.
In Chapter 2 we developed an integrated single-cell model for NRK cell ex-
citability and intracellular calcium oscillations by combining a Hodgkin-Huxley
type model for action potential generation with a model for intracellular IP3 medi-
ated calcium oscillations. This model is a minimal model, containing the essential
components to reproduce the qualitative electrical behavior and spontaneous cal-
cium oscillations of NRK cells. Although the model was primarily developed to
reconstruct calcium oscillations in NRK fibroblasts, the results have general appli-
cability to many other cell types, such as cells of Cajal, smooth muscle cells, heart
cells and neurons.
The IP3-receptor is described by an endoplasmic reticulum (ER) Ca-channel
with open and close probabilities that depend on the cytoplasmic concentration
of IP3 and Ca
2+. We show that simply combining this ER model for intracel-
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lular calcium oscillations with a model for membrane excitability of normal rat
kidney (NRK) fibroblasts leads to instability of intracellular Ca-dynamics. In or-
der to ensure stable long-term homeostasis of intracellular calcium and periodic
firing of action potentials and calcium oscillations, it is essential to incorporate
calcium transporters controlled by feedback of the ER store filling, for example,
store-dependent-calcium (SDC) channels in the plasma membrane.
For low IP3-concentrations our integrated NRK cell model is at rest at -70 mV.
For higher IP3-concentrations the calcium oscillations become activated and trigger
repetitive firing of action potentials. At high IP3-concentrations, the basal intracel-
lular calcium concentration becomes elevated and the cell is depolarized near -20
mV. These predictions are in agreement with the different proliferative states of
cultures of NRK fibroblasts. We postulate that the stabilizing role of calcium chan-
nels and/or other calcium transporters controlled by feedback from the ER store
is essential for any cell in which calcium signaling by intracellular CaOs involves
both ER and plasma membrane calcium fluxes.
Many cell types exhibit oscillatory activity, such as repetitive action potential
firing due to the Hodgkin-Huxley dynamics of ion channels in the cell membrane
or reveal intracellular inositol triphosphate (IP3) mediated calcium oscillations by
calcium-induced calcium release channels (IP3-receptor) in the membrane of the
endoplasmic reticulum. The dynamics of the excitable membrane and that of the
IP3-mediated calcium oscillations have been the subject of many studies. However,
the interaction between the excitable cell membrane and IP3-mediated calcium os-
cillations, which are coupled by cytosolic calcium and which affects the dynamics
of both, has not been studied.
In Chapter 2 we modeled the interaction between an excitable cell membrane
and an intracellular, IP3-mediated calcium oscillation mechanism, coupled by cy-
tosolic calcium affecting both the dynamics of membrane excitation and the cal-
cium oscillation mechanism. And where we conclude that the stabilizing role of
calcium channels and/or other calcium transporters controlled by feedback from
the ER store is essential to ensure stable long-term homeostasis of spontaneous pe-
riodic firing of action potentials with underlying intracellular calcium transients. In
Chapter 3 we explored the dynamical properties of a single-cell model reproduc-
ing experimental observations on calcium oscillations and action potential genera-
tion in NRK fibroblasts. A bifurcation analysis revealed hysteresis and a complex
spectrum of stable and unstable states, which allows the system to switch among
different stable branches.
Taking the IP3 concentration as a control parameter, the model exhibits a rich
spectrum of stable and unstable states of membrane potential and cytosolic calcium,
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with hysteresis. The stable states of the model correspond to previously reported
growth-state dependent states of NRK fibroblasts in cell culture. The hysteresis is
most profound for experimentally observed parameter values of the model, suggest-
ing a functional importance of hysteresis. Stability of the cell behavior is dominated
by the homeostatic function of the SDC channel. The conductance, which provides
the largest IP3 range for hysteresis, compares well with experimental values for
this conductance in a variety of cell types (Parekh and Putney, 2005; Krause et al.,
1996; Rychkov et al., 2005).
The results indicate that the growth-dependent cell states do not necessarily
reflect differently differentiated cell types, but may represent different states of a
single cell type, corresponding to the behavior of a single cell at different regions
of parameter space.
Electrical coupling between cells behaving as autonomous oscillators is known
to occur in neuronal networks and beating heart tissue. Although fibroblasts, such
as normal rat kidney cells, are generally considered to be classical examples of
non-excitable cells, electrophysiological studies using patch clamp technology have
shown that these cells in culture can form an excitable syncytium, due to the posses-
sion of voltage-activated L-type Ca-channels, Ca-dependent Cl-channels, inward
rectifier K-channels and extensive electrical coupling via gap junctions.
In Chapter 4, we investigated how electrical coupling of excitable NRK cells
with IP3-mediated calcium oscillations affects the initiation and propagation of Ca-
waves in a strand of cells. The synchronization of the IP3-mediated intracellular
calcium oscillations of two neighboring cells was established by electrical coupling
through gap junctions via their membrane potentials.
Synchronization of intracellular calcium transients and propagation of action
potentials across NRK cells occurs by coupling the cells by gap junctions and ac-
tivation of a L-type Ca-channel in the membrane, which leads to activation of the
intracellular Ca-oscillator. This mechanism is significantly different from chemical
coupling-based mechanisms, as the membrane potential has a coupling effect over
distances several orders of magnitude greater than either diffusion of the second
messengers calcium or inositol 1,4,5-trisphosphate (IP3) through gap junctions.
The analysis of the model focussed on the conditions under which electrical
coupling acting through voltage-dependent modulation of store calcium release is
able to synchronize oscillations of cells and generates propagation of action po-
tentials. We investigated how the propagation of action potentials depends on the
number of pacemaker cells and the conductance of the L-type Ca-channels. This
study shows that for weak electrical coupling of two cells entrainment occurs and
a minimal gap-junction conductance of approximately 60 pS is required for com-
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plete synchronization. To obtain propagation in a one-dimensional network at least
3 pacemaker cells are required to facilitate 1:1 propagation of action potentials.
Consistent with experimental observations for NRK cells (De Roos et al., 1997c),
we showed that electrical intercellular coupling is sufficient for synchronizing cal-
cium oscillations in pacemaker cells and for propagation of action potential coupled
calcium waves in a the remainder network of follower cells. For NRK cells it has
become clear that membrane excitation can evoke and enhance release of Ca2+
from the ER store via voltage-dependent Ca2+ inflow through L-type Ca-channels.
Our general message is that some form of CICR interaction with or caused by Ca
inflow through voltage dependent Ca-channels can boost propagation of electrical
excitation and its continuous calcium oscillations. Any form of CICR, ryanodine-
mediated receptors are another example, would engage a similar interaction.
Our general conclusion is that the interaction between IP3-mediated calcium
oscillations and action potentials in electrical coupled NRK cells provides a mech-
anism for fast calcium wave propagation and synchronization, in which the CICR
component plays a significant supportive role.
Intercellular propagation of action potentials and intracellular calcium oscilla-
tions are thought to play an important role in long-range calcium signaling in NRK
fibroblasts. In Chapter 5 we investigated the conditions under which AP propaga-
tion with corresponding intracellular Ca-transients occurs in normal rat kidney cell
monolayers by comparing the results of pacemaker ring experiments and 2D-model
calculations. Observations in a quiescent monolayer, in which we experimentally
established a pacemaker area, have shown that action potentials can propagate upon
activation of the L-type Ca-channels in cells outside the ring by electrical coupling
via gap junctions.
We created a pacemaker area in a quiescent monolayer of NRK cells by adding
PGF2α in a ring on the monolayer. Both the simulation results and the experimental
data reveal periodic calcium oscillations and action potential firing in cells outside
the ring. Our simulations demonstrate that the cluster of pacemaker cells has to be
found not within, but under the ring, in agreement with theoretical predictions and
in agreement with the experimental observations.
Model calculation results demonstrate that the precise location of the pace-
maker depends on both the IP3 concentration and the membrane potential. The IP3
concentration should be sufficiently high to allow intracellular calcium oscillations
and the mean membrane potential should be at -40 mV or lower i.e. well below
the membrane potential range of the window current of the L-type Ca-channel.
The latter condition is required to enable activation of the L-type Ca-channel in the
pacemaker cells and their surrounding cells, which is necessary for synchronization
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of Ca-oscillations in neighboring cells and for propagation of action potentials.
Blocking the L-type Ca-channels by nifedipine eliminates synchronized cal-
cium oscillations under the ring, providing support for the crucial role of L-type
Ca-channels in synchronization of calcium oscillations and propagation of action
potentials.
The linkage between membrane potential and Ca2+ release provides a means
for the intracellular stores of the individual cells to interact as strongly coupled
oscillators, resulting in the emergence of Ca2+ waves and associated pacemaker
potentials.
Ca2+ stores interacting as coupled oscillators provide a robust pacemaker. The
key to this Ca2+ store-controlled pacemaker functioning in multicellular tissues
is the requirement that stores are strongly coupled both within and between cells.
This can readily be achieved by electrical coupling whereby membrane depolariza-
tion activates L-type Ca-channels in neighboring follower cells, followed by CICR.
It occurs in the tissue of our study primarily through global stimulation of IP3R-
operated stores and interaction between membrane excitability an IP3R-mediated
Ca2+ release across the cellular syncytium. Resultant coupled oscillator-based in-
teractions between stores cause the emergence of Ca2+ waves and associated de-
polarizations, the pacemaker triggering regenerative Ca2+ release and associated
depolarization. The Ca2+ wave-based pacemaker can operate over a wide range of
frequencies with a rate determined by the store release-refill cycle which can vary
enormously dependent on IP3 stimulation.
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Samenvatting
Uit eerdere studies naar het groeigedrag van ’normal rat kidney’ (NRK) fibroblas-
ten onder invloed van polypeptide groeifactoren weten we dat deze cellen, bij het
bereiken van een kritische celdichtheid in weefselkweek stoppen met groeien. Dit
gedrag is kenmerkend voor de groei van normale cellen in weefselkweek, en wordt
aangeduid met contact-inhibitie van groei. Tumorcellen hebben dit vermogen om
contact-inhibitie te ondergaan verloren, en zijn derhalve ongeremd in hun groei.
Kenmerkend voor NRK-fibroblasten is het verschijnsel dat deze cellen onder con-
dities van contact-inhibitie spontaan periodieke calcium actiepotentialen genereren,
waarbij elke actiepotentiaal gepaard gaat met een kortdurende toename van de in-
tracellulaire calcium concentratie. We zien derhalve in contact-geı¨nhibeerde NRK-
fibroblasten een reeks actiepotentialen en gelijktijdige intracellulaire calciumgol-
ven.
In het onderzoek beschreven in dit proefschrift hebben we ons de vraag gesteld
welke mechanismen ten grondslag liggen aan het spontaan periodiek vuren van
actiepotentialen door contact-geı¨nhibeerde NRK-cellen en welke rol de intracel-
lulaire calcium-oscillaties in deze cellen daarbij spelen. Daartoe hebben wij eerst
een wiskundig model gebouwd van een enkele NRK-fibroblast in isolatie. Vervol-
gens hebben wij het model aangepast voor meerdere cellen die via gap junctions
met elkaar gekoppeld zijn, om te kunnen onderzoeken welke mechanismen be-
trokken zijn bij het doorgeven van intercellulair propagerende calcium actiepoten-
tialen, zoals die in vivo in een monolaag van NRK-fibroblasten in weefselkweek
worden waargenomen.
Het model van een geı¨soleerde enkele NRK-cel is opgebouwd uit twee delen,
namelijk uit een wiskundige beschrijving van enerzijds de dynamiek van de mem-
braanexcitatie en anderzijds van de dynamiek van de intracellulaire calcium oscil-
lator. De membraanexcitatie en de calcium oscillator zijn met elkaar gekoppeld via
de calcium concentratie in het cytosol. Om deze complexe interactie goed te kun-
nen begrijpen, hebben wij dit model grondig geanalyseerd, gebruik makend van
een wiskundige methode (bifurcatie analyse), die het mogelijk maakt het gedrag
van een systeem voor een groot bereik van parameterwaarden te analyseren.
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Vervolgens hebben wij dit onderzoek uitgebreid met een model voor een keten
en voor een 2-dimensionaal hexagonaal netwerk van elektrisch gekoppelde NRK-
cellen. Op deze manier hebben wij getracht meer inzicht te krijgen in de mecha-
nismen die de propagatie van actiepotentialen en calciumgolven, zoals die experi-
menteel gevonden zijn in monolagen van NRK-fibroblasten, mogelijk maken.
Het exciteerbaar gedrag van NRK-fibroblasten blijkt representatief te zijn voor
dat van een groot aantal andere typen van cellen, zoals bijvoorbeeld cellen in de
pancreas, pacemakercellen in het hart en zenuwcellen in de hersenen. De resul-
taten van dit onderzoek, welke gepubliceerd zijn in internationale tijdschriften, zijn
daarom van belang voor een brede groep van onderzoekers en dragen bij aan een
beter inzicht in de mechanismen die in diverse typen van cellen hun onderlinge sig-
naaluitwisseling mogelijk maken.
Hoewel fibroblasten over het algemeen bekend staan als klassieke voorbeelden
van niet-exciteerbare cellen, hebben eerdere studies aangetoond dat contact-geı¨n-
hibeerde NRK-fibroblasten spontaan periodieke calcium actiepotentialen vuren, en
dus wel degelijk exciteerbaar zijn. In hoofdstuk 2 modelleren we de dynamiek van
een NRK-cel met zowel membraan exciteerbaarheid als intracellulaire calcium-os-
cillaties.
Dit doen we door een Hodgkin-Huxley type model voor actiepotentiaal-genera-
tie met een model voor intracellulaire IP3-geı¨nduceerde calcium-oscillaties te com-
bineren. Het model is een minimaal model, dat de essentie¨le componenten bevat om
kwalitatief het elektrisch gedrag en de spontane intracellulaire calcium-oscillaties
van NRK-cellen te reproduceren. De parameters van het model zijn zoveel mo-
gelijk ontleend aan experimentele gegevens verkregen uit eigen onderzoek en uit
de literatuur.
De IP3-receptor kan beschreven worden als een kanaal dat open en dicht kan
zijn, en waarvan de toestand (open of dicht) wordt gereguleerd door twee klepjes.
Het proces voor activatie van dit kanaal is snel (enkele seconden) en is afhanke-
lijk van de Ca2+ concentratie in het cytosol. De inactivatie van dit kanaal wordt
bepaald door zowel de IP3 als de Ca
2+ concentratie in het cytosol. Deze inactivatie
is traag (40-300 seconden). De inactivatie bepaalt het minimale interval tussen twee
calciumgolven, waardoor de periode tussen het vuren van twee achtereenvolgende
actiepotentialen varieert tussen 40 en 300 seconden.
Voor lage intracellulaire IP3-concentraties ligt de membraanpotentiaal van de
NRK-cel in ons model op een steady-state waarde rond de -70 mV met een basale
cytoplasmatische calcium concentratie rond de 0.1 mM. Deze toestand komt overeen
met die van NRK-cellen in een confluent gegroeide monolaag die enkele dagen
serum-vrij is gezet, een groei stadium van deze cellen die met de “quiescent state”
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wordt aangeduid. Bij hogere IP3-concentraties worden met een bepaalde frequen-
tie intracellulaire calcium-oscillaties geı¨nduceerd, welke aanleiding geven tot het
periodiek vuren van actiepotentialen met dezelfde frequentie. Deze toestand ver-
toont veel overeenkomst met die van NRK-cellen die contact-inhibitie van hun
groei hebben ondergaan, en spontaan periodiek calcium actiepotentialen vuren, de
zogenaamde “contact-inhibited state”. Bij nog hogere IP3-concentraties blijft de
basale intracellulaire calcium concentratie continu verhoogd en depolariseert de
cel als gevolg van het openen van de calcium-afhankelijke chloorkanalen naar de
Nernst-potentiaal voor chloride ionen, die bij -20 mV ligt. NRK-fibroblasten die
als gevolg van blootstelling aan transformerende stoffen in combinatie met EGF
hun vermogen om contact-inhibitie te ondergaan verloren hebben, blijken ook sterk
gedepolariseerd te zijn, en een membraanpotentiaal van rond de -20 mV te hebben.
Deze NRK-cellen gedragen zich in hun groei als tumorcellen, en dit stadium van
hun groei wordt de “transformed state” genoemd.
Wij tonen in deze studie aan dat een simpel model voor een cel met intracel-
lulaire calcium-oscillaties en met een exciteerbaar membraan leidt tot instabiliteit
van de intracellulaire calcium huishouding. Om stabiel periodiek vuren van ac-
tiepotentialen en calcium-oscillaties op lange termijn te kunnen waarborgen, blijkt
het essentieel te zijn om in het model extra een bijzonder type calcium kanalen in
de plasmamembraan op te nemen. Dit zijn calcium kanalen waarvan hun activiteit
gereguleerd wordt via een terugkoppeling met de Ca-inhoud van het endoplasma-
tisch reticulum (ER), en zijn door ons store-dependent calcium (SDC)-kanalen ge-
noemd. Indien de calciuminhoud van het ER laag wordt, lekken deze SDC-kanalen
calcium door het celmembraan in het cytosol, waarna ATP-afhankelijke pompen in
het ER-membraan calcium in het ER kunnen pompen. Bij een te hoge concentratie
calcium in het ER gaan de SDC-kanalen dicht, waardoor er van buiten de cel geen
calcium meer in het cytosol kan lekken en verdere opname van calcium in het ER
wordt tegengegaan. Door deze regulering kunnen in deze cellen stabiele calcium-
oscillaties ontstaan. Onze conclusie is dat de stabiliserende rol van calcium kanalen
en/of andere calcium transporters in het celmembraan, die door een terugkoppeling
met de Ca2+-inhoud van het ER worden gereguleerd, essentieel is voor het hand-
haven van de intracellulaire calcium homeostase in elk type cel dat dynamische
veranderingen in intracellulaire calcium, zoals calcium-oscillaties, als fysiologisch
middel voor signaal transductie gebruikt.
Vele celtypes vertonen een oscillatie dynamiek, zoals het herhaald vuren van
actiepotentialen, welke is toe te schrijven aan de Hodgkin-Huxley kinetiek van
ionenkanalen in het celmembraan, en intracellulaire IP3-geı¨nduceerde calcium-
oscillaties. De dynamica van het exciteerbare membraan en dat van IP3-geı¨ndu-
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ceerde calcium-oscillaties zijn het onderwerp van vele studies geweest. Nochtans
is de interactie tussen het exciteerbare vuurgedrag van een celmembraan en IP3-
geı¨nduceerde calcium-oscillaties, via een koppeling met de cytoplasmatische cal-
cium concentratie niet in detail bestudeerd. In deze studie wordt deze interactie
wiskundig geanalyseerd om een beter beeld te krijgen van het dynamisch gedrag
van de membraanpotentiaal en van de cytoplasmatische calcium concentratie in de
cel, die ontstaat door de koppeling van het exciteerbaar membraan en de intracel-
lulaire calcium oscillator.
We onderzoeken deze interactie uitgebreid in hoofdstuk 3, waarbij we een sta-
biliteitsanalyse maken van het model voor NRK-fibroblasten. De dynamische in-
teractie tussen het exciteerbare membraan en de intracellulaire calcium-oscillaties
in dit model van een NRK-cel vertoont een verrassend rijk gedrag met stabiele en
instabiele toestanden, alsook hysterese. De stabiele toestanden komen overeen met
de verschillende eerder vermelde groei-stadia van NRK-cellen in weefselkweek
. De gevonden hysterese in deze analyse van het model is ook experimenteel in
NRK-fibroblasten gevonden, namelijk onder condities dat het door getransformeer-
de cellen geconditioneerde groei-medium langzaam wordt vervangen door vers
medium.
In hoofdstuk 4 onderzoeken wij hoe de electrische koppeling van NRK-cellen
via gap-junctions de initiatie en de propagatie van calciumgolven in een keten
van NRK-cellen beı¨nvloedt en mogelijk maakt. Onze conclusie is dat de interac-
tie tussen IP3-geı¨nduceerde intracellulaire calcium-oscillaties en actiepotentialen
in electrisch gekoppelde NRK-cellen ervoor zorgt dat snelle voortplanting en syn-
chronisatie van calciumgolven kan plaatsvinden, waarbij het proces, dat bekend
staat als calcium-induced calcium-release (CICR), een belangrijke faciliterende rol
blijkt te spelen. Calcium, dat bij het vuren van een actiepotentiaal onder invloed
van CICR uit het ER in het cytoplasma vrijkomt, draagt bij aan een plateaufase van
de actiepotentiaal, waarbij de membraanpotentiaal tijdelijk op -20 mV blijft liggen.
Door de depolarisatie naar -20 mV kan de cel nabuurcellen depolariseren, waardoor
een snelle en robuste propagatie van calcium signalen ontstaat.
Dit mechanisme van electrische koppeling via gap-junctions is verschillend van
chemische koppelingsmechanismen, zoals diffusie tussen cellen van IP3. Door de
electrische koppeling is activatie van nabuurcellen sneller in de tijd en verloopt de
propagatie van de actiepotentiaal sneller door het netwerk van NRK-cellen.
We onderzoeken met behulp van ons model ook de condities waaronder door
middel van elektrische koppeling, propagatie van actiepotentialen en daarmee ge-
paard gaande calciumgolven in een keten van NRK-cellen kunnen optreden. Zo
vragen we ons af hoe de propagatie van actiepotentialen afhangt van het aantal
165
pacemakercellen en van de conductantie van het L-type Ca-kanaal.
In dit hoofdstuk tonen we aan dat zwakke elektrische koppeling tussen twee
cellen, die zonder koppeling elk calcium-oscillaties vertonen met een verschillende
frequentie, al voldoende is voor volledige synchronisatie van calcium-oscillaties en
actiepotentialen. Om 1:1 propagatie van actiepotentialen in een keten van cellen te
verkrijgen zijn minstens 3 naast elkaar gelegen pacemakercellen nodig. Deze vorm
van elektrische koppeling tussen cellen komt onder andere ook voor in neurale
weefsels en in het hart, waardoor ons wiskundig model van gap junction gekop-
pelde NRK-fibroblasten ook interessant is voor studies aan andere cel typen.
Als laatste onderzoeken wij in hoofdstuk 5 de noodzakelijke voorwaarden voor
pacemaking en propagatie van actiepotentialen in NRK-fibroblasten door in een
monolaag van deze cellen kunstmatig een gebied met pacemakercellen te induc-
eren. Dit doen we experimenteel door een ring te plaatsen op een monolaag van
NRK-cellen, waarbij we PGF2α in de ring toevoegen, en daarmee lokaal in een
beperkt aantal cellen pacemaking activiteit kunnen induceren. Met behulp van patch-
clamp en calcium-imaging technologie hebben wij de periodieke propagatie van
actiepotentialen en als gevolg daarvan de calciumgolven in cellen buiten de ring
gemeten. Vervolgens maken we een model voor het twee-dimensionaal netwerk
van NRK-cellen en proberen we de experimenteel verkregen resultaten te repro-
duceren met het model. Zowel de simulatieresultaten als de experimentele resul-
taten laten zien dat als gevolg van een lokaal geı¨nduceerde pacemaking activiteit,
het fenomeen van periodieke calciumgolven en propagatie van actiepotentialen in
cellen buiten de ring kan optreden. Onze modelsimulaties tonen verder aan dat
het cluster van pacemakercellen, dat verantwoordelijk is voor het optreden van het
fenomeen, niet binnen de ring maar onder de rand van de ring gelokaliseerd is. De
intercellulaire propagatie van actiepotentialen en intracellulaire calcium-oscillaties
spelen mogelijk een belangrijke rol in lange-afstands communicatie tussen NRK-
fibroblasten. Bovendien tonen onze modelanalyses aan dat activatie van L-type cal-
cium kanalen nodig is voor de propagatie van actiepotentialen in een netwerk van
electrisch gekoppelde NRK-cellen. Zonder deze L-type calcium kanalen is propa-
gatie van actiepotentialen niet mogelijk, hetgeen door gebruik te maken van speci-
fieke L-type calcium kanaal blokkers ook is aangetoond.
De computer simulaties van het model tonen aan dat de plaats van het kun-
stmatig met PGF2α geı¨nduceerde pacemakergebied bepaald wordt door zowel de
mate waarmee de intracellulaire IP3 concentratie wordt verhoogd als door de mem-
braanpotentiaal van de cellen. De concentratie van IP3 dient voldoende verhoogd
te worden om intracellulaire calcium-oscillaties te induceren en de gemiddelde
membraanpotentiaal dient bovendien lager dan -40 mV te zijn, hetgeen betekent
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dat de membraanpotentiaal van de betreffende cellen onder de drempelspanning
voor het openen van het L-type calcium kanaal moet liggen. Aan laatstgenoemde
voorwaarde moet worden voldaan om activering van het L-type calcium kanaal
in de pacemakercellen en hun direct omringende cellen mogelijk te maken door
voorkoming van inactivatie. Dit is vereist voor de synchronisatie van calcium-
oscillaties in cellen in de directe nabijheid van de pacemakercellen en voor prop-
agatie van actiepotentialen in het overgrote resterende deel aan “niet-pacemaking”
cellen in het netwerk.
De resultaten die beschreven staan in dit proefschrift hebben een waardevolle
bijdrage geleverd aan de manier van kijken en begrijpen/interpreteren van een bio-
logisch systeem met behulp van een wiskundig model. De interactie tussen de
praktische metingen aan NRK cellen en theoretische simulaties van een wiskundig
model van diezelfde cel hebben tot een positieve bijdrage aan het ontrafelen van de
mysteries van deze NRK cellen geleverd.
Het ontrafelen van dit systeem heeft de nodige inspanning gekost. Ten eerste
doordat het wiskundig model complex is. Ten tweede doordat niet alles wat nodig
was voor het model precies gemeten kon worden. Echter met de huidige inspan-
ningen, zoals die de afgelopen jaren door de “NRK club” geleverd zijn, heeft dit
onderzoek een reeks van prachtige artikelen opgeleverd waarbij we de ins en outs
van een single-cell NRK cel hebben leren kennen en de communicatie tussen NRK
cellen in een monolaag hebben bestudeerd. De single-cell benadering, waarbij een
samenspel van intracellulaire calcium transients en actiepotentialen optreedt is ook
toepasbaar op andere cellen, zoals hepatocyten, vasculaire gladde spiercellen en
nog veel andere cellen. De communicatie binnen een monolaag van NRK cellen
verloopt via propagatie van actiepotentialen en/of calcium golven welke vergelijk-
baar is met o.a. het hart. Dit maakt dat de artikelen die tot stand gebracht zijn in
dit onderzoek interessant zijn voor een breed publiek. Al met al heeft dit werk ons
inzicht vergroot in de complexiteit van het systeem en ons geleerd om systematisch
het mysterie van deze NRK cellen te ontrafelen.
Nu ik dit werk achteraf terug kijk, ben ik trots op wat we bereikt hebben. Het
onderzoek doen binnen een dergelijke multi-disciplinaire groep als de “NRK club”
is een hele uitdaging geweest. En ondanks dat het af en toe moeilijk was om elkaar
dingen uit te leggen of elkaar goed te begrijpen, was het heel mooi dat iedereen zijn
eigen visie op dingen had. Dit maakte dat een artikel nooit alleen zuiver fysisch,
biologisch, electrofysiologisch of chemisch was. Deze brede kijk op het gedrag van
deze NRK cellen, maakt dat ik ook trots ben op de leden van de “NRK club”
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Om mijn eigen werk te evalueren wil ik mezelf de volgende vraag stellen: “Wat
ik zou doen als ik het onderzoek opnieuw mocht doen.” Ik zou dan het volgende
antwoorden:
Ik zou ten eerste beginnen met het zeggen dat het belangrijk is om de biolo-
gische relevantie bij elke vraagstuk in het oog te houden (Wilbert bedankt voor dit
inzicht). Je kunt natuurlijk een prachtig model maken, maar als dit niet overeenkomt
met de werkelijkheid heb je er niet zoveel aan, behalve het conceptuele begrip van
zo’n complex model uiteraard.
Ten tweede zou ik zeggen dat je niet te snel een compleet model moet willen
hebben om simpelweg iets werkends te hebben. Net zoals het niet de bedoeling
is dat je eerst een auto koopt en daarna pas kijkt of deze auto u¨berhaupt rijdt. In
dit werk is het complete single-cell model vrij snel ontwikkeld, zodat deze ook
werkte (2002-2003), echter de meeste tijd heeft in de fine-tuning van het model op
de meetdata van deze NRK cel gezeten (2002-2004). Heel vaak was het moeilijk
om de juiste formule, variabele of constante te kiezen in het model, simpelweg,
omdat we deze nog helemaal niet gemeten hadden of niet konden meten. In de
loop der tijd bleek daarom ook dat het model onder sommige condities afwijkt
in relatie tot wat er in een NRK cel werkelijk gebeurt. En wat doe je dan? Ga je
dan het model opnieuw fine-tunen? Dit is uiteraard wel wat je wilt, maar dat kost
ongelofelijk veel tijd. Beter is het daarom een model stap voor stap op te bouwen
en per kanaal/subsysteem alles te ontrafelen en dit uiteraard zo te publiceren. Zo
bouw je stap voor stap het complete systeem op, met de hoop dat het in elkaar past,
net zoals een IKEA kast.
Ten derde zou ik zeggen dat modellen maken niks meer is dan throw-away
modelling. Je probeert wat en als het niet bevalt, gooi je het weer weg en probeer je
iets anders. De kunst is dus om je zo flexibel mogelijk op te stellen t.a.v. het model
en de metingen. Echter hiervoor is het natuurlijk wel van belang dat het model niet
te complex is en dat e´e´n meting niet het complete model onderuit haalt.
Voor de toekomst verwacht ik dat de dynamische processen in en tussen NRK
cellen verder ontrafeld kunnen worden door de betrokken pathways nader te on-
derzoeken met behulp van RNA technieken. Verder onderzoek kan ik dan ook van
harte aanbevelen. Ik heb gezegd.
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